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Abstract 
 
 
The neutral distorted octahedral complexes [ReOCl(L)] {H2L = N,N-bis(2-
hydroxybenzyl)-2-(2-aminoethyl)dimethylamine (H2had), N,N-bis(2-hydroxybenzyl) 
aminomethylpyridine (H2hap); N,N-bis(2-hydroxybenzyl)-2-(2-aminoethyl)pyridine 
(H2hae)} were prepared by the reaction of trans-[ReOCl3(PPh3)2] with a twofold 
molar excess of H2L in ethanol.  The X-ray structure determinations of 
[ReOCl(had)] and [ReOCl(hap)] were performed, and in both complexes the 
chloride is coordinated trans to the tripodal tertiary amino nitrogen, with a 
phenolate oxygen trans to the oxo oxygen.  Treatment of trans-[ReO2(py)4]I with 
two equivalents and one equivalent each of H2had in acetone afforded the iodide 
salts of the oxypyridinium-ammonium zwitterions N1-(2-hydroxybenzyl)-N2,N2-
dimethyl-N1-((2-oxypyridinium)-1-methyl)ethane-1,2-diamine [Hhpd]+ and N2,N2-
dimethyl-N1-bis((2-oxypyridinium)-1-methyl)ethane-1,2-diamine [dod]+ 
respectively.  In [Hhpd]I, one of the 2-hydroxyphenyl groups of H2had is 
substituted by an oxypyridinium group, and in [dod]I, both 2-hydroxyphenyl groups 
are converted.  The X-ray crystal structure determination of the starting material 
H2had, [Hhpd]I and [dod]I reveals trigonal pyramidal geometries around the central 
amino nitrogen.   
 
The complex salt [ReO(bsa)]PF6 (H2bsa=bis(N-methylsalicylicylideneiminopropyl) 
amine) was prepared from the reaction of cis-[ReO2I(PPh3)2] with H2bsa in 
toluene.  The dianionic pentadentate ligand bsa is coordinated to the ReO3+ 
moiety via one secondary amino and two imino nitrogens, and two anionic 
phenolate oxygens.  The complex was characterized by spectroscopy and 
analytical data, and the structure has been determined by single-crystal X-ray 
diffraction analysis.  The complex exhibits a distorted octahedral geometry around 
the central rhenium(V) ion, with the basal plane being defined by a phenolate 
oxygen, two imino nitrogens and the secondary amino.   
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The reaction of a two-fold molar excess of the potentially NN-donor ligand 2,2’-
dipyridylamine (dpa) with trans-[ReO(OEt)Cl2(PPh3)2] in ethanol led to the isolation 
of [ReOCl2(OEt)(dpa)].  The X-ray crystal structure shows that the NN-chelated 
dpa is coordinated in the equatorial plane cis to the oxo and ethoxo groups, which 
are in trans positions relative to each other.  The treatment of trans-
[ReOCl3(PPh3)2] with a tenfold molar excess of dpa in ethanol at the refluxing 
temperature yielded the trans-dioxo complex [ReO2(dpa)2]Cl, but with a twofold 
molar excess only (µ-O)[{ReOCl2(dpa)}2] was isolated.  Repeating the latter 
reaction with (n-Bu4N)[ReOCl4] as starting material in ethanol at room temperature 
a dark green product, also with the formulation (µ-O)[{ReOCl2(dpa)}2], was 
isolated.   
 
The reaction of equimolar quantities of bis(pyridin-2-yl)methyl)amine (HBPA) with 
(n-Bu4N)[ReOCl4] in acetone at room temperature led to the isolation of the six-
coordinate rhenium(V) complex [ReOCl(H2O)(BPA)]Cl.  IR, NMR and X-ray 
crystallographic results indicate that BPA is coordinated as a tridentate 
uninegative chelate, with deprotonation of the amine nitrogen.  The water 
molecule is coordinated trans to the oxo group, with the Re=O and Re-OH2 bond 
distances equal to 1.663(9) and 2.21(1) Å respectively. 
 
Complexes of the general formula [ReOX2{(C5H4N)CH(O)CH2(C5H4N)}] (X = Cl, I) 
were prepared by the reactions of trans-[ReOCl3(PPh3)2] and trans-
[ReOI2(OEt)(PPh3)2] with cis-1,2-di-(2-pyridyl)ethylene (DPE) in ethanol and 
benzene in air.  Experimental evidence shows that the coordinated DPE ligand 
has undergone addition of water at the ethylenic carbons, and that the 
(C5H4N)CH(O)CH2(C5H4N) moiety acts as a uninegative tridentate NON-donor 
ligand.  The X-ray crystal structures of both complexes show a distorted 
octahedral geometry around the rhenium(V) centre. 
 
The treatment of trans-[ReOCl3(PPh3)2] with H2dbd in a 2:1 molar ratio in 
acetonitrile led to the isolation of the ligand-bridged dimer (µ-dbd)[ReOCl2(PPh3)]2.  
The X-ray crystal structure of the complex reveals a dinuclear structure in which 
two rhenium(V) ions are bridged by the dbd ligand.  Each rhenium ion is in a 
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distorted octahedral geometry.  The basal plane is defined by a phosphorus atom 
of the PPh3 group, two chlorides cis to each other, and a pyridyl nitrogen atom of 
dbd.  The oxo group and alcoholate oxygen of dbd lie in trans axial positions.   
 
The complexes cis-[ReOX2(msa)(PPh3)] (X = Cl, Br, I) were prepared from trans-
[ReOCl3(PPh3)2], trans-[ReOBr3(PPh3)2] or trans-[ReOI2(OEt)(PPh3)2] with 2-(1-
iminoethyl)phenol (Hmsa) in acetonitrile.  An X-ray crystallographic study shows 
that the bonding distances and angles in the comlexes are nearly identical, and 
that the two halides in each complex are coordinated cis to each other in the 
equatorial plane cis to the oxo group.   
 
The oxo-bridged dinuclear rhenium(V) complex [(µ-O){ReOCl(amp)}2] was 
prepared by the reaction of trans-[ReOCl3(PPh3)2] and 6-amino-3-methyl-1-phenyl-
4-azahept-2-ene-1-one (Hamp) in acetone.  The characterization of the complex 
by elemental analysis, infrared and 1H NMR spectroscopy and X-ray 
crystallography shows that amp is coordinated as a monoanionic NNO-donor 
chelate as an amino-amido ketone.  However, the reaction of the similar ligand 7-
amino-4,7-dimethyl-5-aza-3-octen-2-one (Hada) with [Re(CO)5Br] produced the 
product fac-[Re(CO)3Br(Hada)], with Hada coordinated as a neutral NN-donor 
amino-imino-ketone.  
 
Keywords: Rhenium(V), crystal structure, bidentate, tridentate, tetradentate, 
zwitterions, radiopharmaceutical 
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Chapter 1 
 
Introduction 
 
 
1.1 Motivation and Aim of Study 
 
Recent advances in the coordination chemistry of rhenium are directly related to 
the extended use of rhenium compounds in nuclear medicine [1] as well as in 
catalysis [2,3,4].  This is mainly due to the favourable nuclear properties (including 
half-life and β radiation) of its isotopes rhenium-186 and rhenium-188.  From a 
nuclear medicinal point of view, diagnostic technetium complexes were 
synthesized based on the better known chemistry of rhenium, its group VII 
congener.  A conventional access into novel therapeutic rhenium compounds is 
the replication of existing diagnostic technetium compounds due to their rather 
similar chemistries.  However, due to the limited number of technetium 
compounds that are being utilized in nuclear medicine, new strategies have to be 
found to increase the pool of therapeutic rhenium complexes. 
 
Catalysis is the alteration of the speed of a chemical reaction, through the 
presence of an additional substance, known as a catalyst, which remains 
chemically unchanged by the reaction.  It is estimated that catalysts contribute to 
one-sixth of the value of all manufactured goods in industrialized countries, e.g. 13 
of the top 20 chemicals are produced directly or indirectly by catalysis [4]. 
 
This study can broadly be divided into three sections.  In the first part the reactions 
of N2O2 donor tripodal ligands with the oxorhenium(V) core were investigated.  
This is an extension of a previous study [5].  Tripodal ligands based on nitrogen 
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heterocyclic donors have earned an important place in transition metal chemistry 
as they frequently provide robust metal-nitrogen coordination [6].  They are 
versatile ligands in coordination chemistry because they can readily be 
derivatised, thus allowing the introduction of further functional groups.  In the 
literature rhenium complexes with tripodal ligands are non-existent. 
 
In the second part of the study the reactions of 2,2’-dipyridylamine, di(2-
pyridylmethyl)amine and cis-1,2-di-(2-pyridyl)ethylene with the ReO3+ moiety were 
investigated.  These ligands can be regarded as the linear forms of the N2O2 
tripods. 
 
Lastly, the focus shifts to the reactions of NxOy (x = 1,2; y = 1) and N3O2-donor 
Schiff bases with rhenium(V).  Interest in these compounds as ligands stems from 
the biological and pharmaceutical applications of their metal complexes, which 
show increased antibiotic activity [7-9] after coordination of the ligands.  For 
example, Schiff base complexes of iron(III) have exhibited widespread antiviral 
activity in biological systems [10,11].  As a unit, this project then comprises the 
reactions of rhenium(V) with multidentate NO-donor ligands. 
 
1.2 General Chemistry of Rhenium(V) 
 
Oxidation states of rhenium in common coordination compounds range from +1 to 
+7.  However, the +5 oxidation state dominates for rhenium.  Rhenium(V) features 
in a large number of stable complexes which are mostly octahedral and are of the 
type [ReOX5]2-, [ReOX4L]-, [ReOX3L2], [ReO2X4]3-, [ReO2L4]+, [(ReOX2L2)2O], 
[ReNX2L3], [ReNX2L2] and [Re(NR)X3L2] (X= Cl-, Br-, etc and L = MeCN, 
phosphine, py, dmso, etc.).  These compounds mostly display a distorted 
octahedral structure [7].  Structural features associated with the oxidation states 
may be summarized as follows:  
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i. In lower oxidation states +1 and +2, most of the stable complexes are 
monomeric and contain π-acids such as carbonyls, phosphines and polypyridyl 
ligands; 
ii. In higher oxidation states from +5 to +7, complexes also take monomeric 
forms coordinated by strong σ-donating oxide or nitride, and dimeric forms bridged 
by oxide; 
iii. In intermediate oxidation states from +3 to +5, formation of direct metal-
metal bonds causes further variation of the structures in addition to some 
mononuclear and dinuclear complexes without direct metal-metal bonds 
 
1.2.1 Oxidation 
 
Oxidation of the ReV-oxo core occurs directly to perrhenate in the presence of 
fairly strong oxidizing agents, without forming any intermediates.  An example 
here is the oxidation of the six-coordinate complex [ReOCl4(H2O)]- by nitrite [8]: 
 
 
5[ReVOCl4(H2O)]-    +    2NO2-    →    3[ReVIIO4]-    +    2[ReIIICl5(NO)]-    +    10HCl 
 
 
1.2.2 Reduction 
 
Reduction of the mono-oxo Re(V) species is easily achieved by employing mild 
reducing agents like triphenylphosphine [9].  The result is the removal of the 
terminal oxide, and subsequent formation of a mononuclear rhenium(III) complex.  
This is the usual synthetic route to octahedral rhenium(III) compounds. 
 
trans-[ReVOCl3(PPh3)2] + MeCN + PPh3 → trans-[ReIIICl3(MeCN)(PPh3)2] + OPPh3 
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1.2.3 Disproportionation 
 
In aqueous media Re(V) can disproportionate  to Re(IV) and Re(VII).  An example 
is the disproportionation of ReOBr4- in hot water [10]: 
 
 
3[ReOBr4]-     +     5H2O     →     ReO4-     +     2ReO2     +     10HBr     +     2Br- 
 
 
 
1.2.4 Protonation of the terminal oxide 
 
The trans-dioxo species readily yield oxohydroxo complexes in acidic solutions 
[11].  For example, in the presence of 2M hydrochloric acid [ReO2(en)2]+ (en = 
ethylenediamine) gives a pink solution of [ReO(OH)(en)2]2+. 
 
1.2.5 Ligand substitution 
 
One of the most widely utilized precursors in the synthesis of oxorhenium(V) 
compounds is trans-[ReOCl3(PPh3)2], since the chloride trans to the oxo group 
and the triphenylphosphine ligands are easily displaced by incoming nucleophiles.  
The reaction may proceed in the cold or by gentle heating in suitable solvents [9]: 
 
 
trans-[ReVOCl3(PPh3)2]    +   2L   →   [ReOCl3(L)2]   +   2PPh3;  L = PEt2Ph, ½bipy 
 
trans-[ReVOCl3(PPh3)2] + 4py + H2O                         [ReO2(py)4]Cl + 2HCl + 2PPh3 
 
 
 
acetone
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1.3 Coordination Chemistry of Rhenium(V) 
 
The coordination chemistry of oxorhenium (V) and oxotechnetium(V) complexes 
with a large number of donor systems reveals interesting findings regarding the 
position trans to the M=O (M = Tc, Re) linkage.   
 
Bidentate NO-donor Schiff base ligands always coordinate to the metal with a 
phenolate oxygen trans to the M=O moiety [12,13].   
 
It was found that for tridentate ligands with an ONX (X = O, S) donor-atom set, the 
position trans to the multiply bonded oxo group was always occupied by a chlorine 
atom or a small oxygenated molecule like H2O or methanol [12,14,15,16].  A 
previous study on tridentate NNO-donor ligands of the pyridylaminophenol type 
with rhenium(V) revealed that a phenolic oxygen occupied the position trans to the 
oxo oxygen [17].  Ligand exchange between [ReOCl4]- and tridentate NNO-donor 
Schiff base ligands led to the isolation of six-coordinate complexes of the type 
[ReOCl2(ONN)] [18].  X-ray diffraction and spectrometric analyses revealed an 
unusual coordination of the NNO chelates to the metal centre: it was the central 
imino nitrogen that occupied the position trans to the oxo oxygen.   
 
In a similar manner tetradentate chelates containing the XNNX donor set (X = O, 
S) coordinate in the equatorial plane, and the complexes have a molecule of 
water, alcohol, or a halogenide ion trans to the M=O bond [19,20].   
 
The reason for this trans orientation can be ascribed to the repulsion that is 
exerted by the oxo oxygen on the equatorial ligands.  It originates from the 
increased space occupied by the localized orbitals of the oxo group.  This 
repulsion increases in the order N<Cl-<O-, which is also the order of increasing 
hardness of the donor atoms as bases [21].  Therefore harder bases leads to 
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Re
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stronger ionic bonds with the hard acid rhenium(V), and thus stronger repulsion as 
a result of the higher population of their orbitals.   
 
1.3.1 Complexes with bidentate NO-donor ligands 
 
Most of rhenium(V) chemistry with NO donors centres around Schiff base ligands.  
The primary method of synthesis is from salicylaldehyde and aromatic amines.  
For example, the complex [ReOX3(PPh3)2] or [ReOX2(OEt)(PPh3)2] (X = Cl, Br) 
reacts at room temperature or in boiling THF or ethanol with the bidentate 
monoanionic Schiff bases N-methylsalicylideneimine (MesalH) and N-
phenylsalicylideneimine (PhsalH) to give the six-coordinate compounds 
[ReOX2(L)(PPh3)] and [ReOX(L)2] (L = Mesal, Phsal), depending on the reaction 
stoichiometry [12,13]. 
 
A methyl mono-oxo rhenium(V) complex, [(CH3)ReO(pic)2] (I), was isolated 
starting from methyltrioxorhenium (MTO) and 2-pyridinecarboxylic acid (picH) [22].   
 
Figure 1.1. Structures of (a) [(CH3)ReO(pic)2] and (b) MTO. 
 
 
 
 
 
 
 
 
 
 
This was the first Re(V) complex with a H3C-Re=O moiety and a new precursor for 
hydrogen peroxide oxidations.  X-ray analysis revealed that two of the three oxo 
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N
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CH3
Hmi    ; R = OH
eomi   ; R = OCH2CH3
ligands of MTO were labilized by the picolinato chelate.  The geometry around the 
metal centre of [(CH3)ReO(pic)2] is distorted octahedral, with one pic ligand 
bridging an equatorial and an apical position and the other bridging two equatorial 
sites.  A carbon atom of the methyl group completes the equatorial plane. 
 
The reaction between (n-Bu4N)[ReOCl4] and 2-(hydroxymethyl)pyridine and 2,6-
di(hydroxymethyl)pyridine in methanol and ethanol yielded [ReO(OCH2py)2Cl] and 
[ReO(OCH2pyCH2OH)2Cl] respectively [23].  The pyridine derivatives are 
deprotonated and the disubstituted molecules act as bidentate ligands with one 
CH2OH group remaining uncoordinated in the latter complex. 
 
Oxorhenium(V) complexes with the potentially bidentate NO-donor ligands 2-(1-
hydroxymethyl)-1-methylimidazole (Hmi) and 2-(1-ethyloxomethyl)-1-
methylimidazole (eomi) have also been investigated (Figure 1.2) [24].  The 
reaction of trans-[ReOCl3(PPh3)2] with Hmi led to the formation of the neutral 
mono-oxo product cis-[ReOCl2(mi)(PPh3)].  By replacing Hmi with eomi as ligand, 
the oxo-bridged [(µ-O){ReOCl2(eomi)2}2] was isolated in which eomi acts as a 
neutral monodentate ligand through the imidazole nitrogen. 
 
Figure 1.2. Structures of Hmi and eomi. 
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1.3.2 Complexes with tridentate ligands 
 
The reaction between [ReOCl4]- and the tridentate ONO donor ligand, N-(2-
hydroxyphenyl)salicylideneimine (HOPhsalH) produced different complexes under 
different reaction conditions [14].  In the first complex, [ReOCl3(HOPhsal)]-, the 
equatorial plane is defined by the imino nitrogen and the three chlorines, with the 
phenolic oxygen and the oxo in trans axial positions.  This is the usual trend 
observed for bidentate NO donor ligands [12,15,16]. 
 
Figure 1.3. Structure of [ReOCl3(HOPhsal)]-. 
 
 
 
 
 
 
 
 
 
When the reaction is conducted in ethanol with the ligand in excess, 
[ReOCl2(OPhsal)]-, is formed (Figure 1.4).   
 
Figure 1.4. Structure of [ReOCl3(HOPhsal)]-. 
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The reaction of the tridentate ONS-donor ligand N-(2-
mercaptophenyl)salicylideneimine (HSPhsalH) with [ReOCl4]- is similar to that of 
HOPhsalH since a number of complexes are produced depending on the solvent 
employed [25].  Thus the square-pyramidal complex [ReOCl(SPhsal)] is produced 
in solvents like PrnOH and BunOH.  In solvents like methanol and ethanol a 
solvent molecule was found to coordinate in the sixth coordination position trans to 
the oxo group to yield complexes of general formula [ReOCl(X)(SPhsal)] (X = 
EtOH, MeOH) [25].   
 
The monobasic tridentate ONP ligand, 2-[Ph2P(CH2)3N=CH]C6H4OH (HL), reacts 
with [ReOCl4]- to form [ReOCl2(L)] (Figure 1.5).  In the complex, HL is highly 
flexible compared to the free ligand and through this distortion is able to 
coordinate facially to the metal.  This is in contrast with the meridional coordination 
of more rigid tridentate ligands [14].   
 
Figure 1.5. Structure of [ReOCl2(L)]. 
 
 
 
 
 
 
 
 
 
A rare example of the trans position being occupied other than an oxygen is the 
ONN-donor Schiff base systems reported by Tisato et al [26].  Other examples 
where the trans position is occupied by a nitrogen are [TcOCl2{HB(pz)3}] and 
[TcOCl(eg)(phen)] {HB(pz)3 = hydridotris(1-pyrazolyl)borato; eg = 
ethyleneglycolate; phen = 1,10-phenanthroline} [27,28].   
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It was previously reported that reactions between trans-[ReOCl3(PPh3)2] or (n-
Bu4N)[ReOCl4] and ligands of the pyridylaminophenol type (HL) containing the 
ONN donor-atom set produced neutral six-coordinate complexes of general 
formula [ReOCl2(L)] in acetone or ethanol [5].   
 
More recently, the reactions of the tridentate ligands 2-(1-ethanolaminomethyl)-1-
methylimidazole (Hami) and 2-(1-ethanolthiomethyl)-1-methylimidazole (Htmi) with 
(n-Bu4N)[ReOCl4] or (n-Bu4N)[ReOBr4(OPPh3)] have been reported (Figure 1.6) 
[29].  When the reaction is conducted in acetonitrile the neutral monomers 
[ReOX2(ami)] and [ReOX2(tmi)] (X = Cl, Br) are produced.  The further reaction of 
the bromo derivatives with disodium oxalate (Na2ox) in methanol gave the “3+1” 
complexes [ReO(ox)(ami)] and [ReO(ox)(tmi)].   
 
 
Figure 1.6. Structures of Hami and Htmi. 
 
 
 
 
 
 
 
 
 
 
 
 
1.3.3 Complexes with tetradentate, tripodal N4-donor ligands 
 
Ligands of this type reported to date can broadly be divided into two classes: 
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i. Those in which the arms of the tripod are connected via methylene linking 
groups to a tertiary amine function, which is itself generally involved in 
coordination, and 
ii. Those in which the central linking atom does not coordinate to the metal 
due to chemical and geometric reasons. 
 
Figure 1.7. The two types of tripodal ligands. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
A common starting point in the syntheses of tripodal ligands is the double 
condensation reactions of amines with aldehydes to form imines, followed by 
sodium borohydride reduction to the secondary and tertiary amines. 
 
An example of the first kind is furnished by tris-(2-pyridylmethyl)amine and its 
derivatives, whose copper complexes have been extensively studied [6], while the 
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second class is illustrated by (2-py)3X (2-py = 2-pyridyl; X = CH, COH, N, P or PO) 
[6]. 
 
1.3.4 Complexes with bidentate NN-donor ligands 
 
Some of the earliest complexes of rhenium with NN-donor ligands date back to the 
mid-1960s.  Ligand substitution of (n-Bu4N)[ReOX4] (X = Cl→I) with 
ethylenediamine and 2,2’-bipyridine (LL) produced diamagnetic species of general 
formula [ReO2(LL)2]+ [30,31] with the former being the most extensively studied 
system.   
 
Literature data indicate that di-(2-pyridyl)ketone (DPK) forms complexes with a 
range of metal ions and easily undergoes hydration at the carbonylic carbon atom 
on complex formation to give complexes containing DPK•H2O or DPK•OH- (Figure 
1.8) [32].  It was also observed that hydration of the ketone does not occur to any 
significant extent in aqueous solution in the absence of the metal ion [33].  Thus 
reactions of trans-[ReOCl3(PPh3)2] with DPK under nitrogen in ethanol, or in 
benzene in air yielded complexes of the general formula 
[ReOCl2{(C5H4N)2C(O)(OR)}] {R = H (in benzene); Et (in ethanol)}.  The ligand 
then acts as a uninegative tridentate chelate, with coordination through both 
pyridyl nitrogen atoms and a deprotonated oxygen of one of the geminal diols. 
 
Figure 1.8. Hydration of DPK at the carbonylic carbon atom. 
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The potentially bidentate ligand 2,3-bis(2-pyridyl)benzoquinoxaline (BBQ) [34] has 
the ability to coordinate through a pyrazine nitrogen and pyridine nitrogen atom in 
which case it forms a five-membered chelate, or it can coordinate through both 
pyridine nitrogen atoms to form a seven-membered metallocycle.  These two 
coordination modes were confirmed by previous studies on ruthenium(II) [35], 
cobalt(II) [36], nickel(II) [37] and copper(II) [38].  The reaction of (n-Bu4N)[ReOCl4] 
with BBQ led to the formation of the seven-membered metallocycle 
[ReOCl2(BBQ.OH)] [34].  It was found that, in addition to the formation of the 
seven-membered metallocycle, the ligand also underwent nucleophilic addition of 
water at the imino carbon (Figure 1.9).  A consequence of this hydration is that the 
hydroxyl group attached to the sp3 hybridized carbon atom occupies a position 
close to one of the octahedral sites at right angles to the ReN2 plane, and actually 
coordinates to the metal ion.  The ligand thus acts as a tridentate NNO-donor 
chelate, with the anionic diolate oxygen trans to the oxo group.  The driving force 
for the reaction is ascribed to the formation of a chelate in the boat form which 
relieves the angular strain in the seven-membered ring.  This conformation 
destroys the coplanarity of the ligand as well as the conjugation over the 1,4-
diazine group which facilitates nucleophilic attack on the imino carbon.  The 
coordination of the alcoholate oxygen to the metal is intimated as a secondary 
driving force.   
 
Figure 1.9. Nucleophilic addition of water at the imino carbon of BBQ. 
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1.4 Applications of Rhenium 
 
1.4.1 Rhenium-containing radiopharmaceuticals 
 
Nuclear medicine has become an established discipline with growing significance 
(Table 1.1, page 17).  It is a medical speciality that employs radioactive 
substances (called radiopharmaceuticals) combined with imaging techniques to 
diagnose and treat sports injuries, heart disease, cancer, etc.  
Radiopharmaceuticals are substances containing a radionuclide which are used 
for diagnostic and therapeutical purposes in nuclear medicine.  The substance can 
be a vehicle (also called a transport ligand) transporting the radionuclide to the 
site of disorder, or it can be a tracer enabling the physician to measure the 
function of an organ. 
 
The most commonly used radionuclides in the clinic for radioimmunotherapy (RIT) 
are 90Y and 131I, while 177Lu and 90Y are used in peptide receptor radionuclide 
therapy (PRRT). 
 
The physical characteristics of current radionuclides used in humans for target-
specific radiotherapy are summarized in Table 1.2 (page 18).  186Re has a 5 mm 
range which makes it suitable for small tumours; the 11 mm range of 188Re makes 
it more appropriate for larger tumours.  The workhorse of the two isotopes in the 
development of future radiopharmaceuticals, and the subject of current extensive 
studies is 188Re.   
 
1.4.1.1 Advantages of rhenium in nuclear medicine 
 
There are a number of reasons why rhenium is regarded as the ideal candidate for 
radiotherapy in nuclear medicine: 
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i. The first major advantage of the metal over other radionuclides is its 
routine availability through the 188W/188Re generator.  Such a generator with 0.5 Ci 
of 188W has the potential to provide therapeutic treatments to several hundred 
patients over its 2-6 month lifespan [39]; 
ii. The isotopes 186Re and 188Re are β- emitters with maximum energies of 
1.1 and 2.12 MeV, respectively.  These moderate to high energy β- particles result 
in greater tumour tissue penetration, with average penetration depths in tissue of 
1.6 and 3.1 mm, respectively; 
iii. The metal’s congener, 99mTc, has been successfully applied in nuclear 
medicine as a diagnostic tool.  On this basis, therapeutic 186/188Re agents can be 
prepared based on diagnostic 99mTc agents; 
iv. Its isotopes also emit γ-photons (186Re = 137 keV, 188Re = 155keV).  Thus 
no additional scanning equipment is required since these γ-photons are in the 
same energy field as 99mTc.  In fact, the latest single photon emission computed 
tomography (SPECT) cameras combine a dual head gamma camera and an 
integrated X-ray transmission system mounted on the same gantry [39]; 
v. The currently more favourable radionuclides 90Y and 131I localizes in bone 
when released [40], in addition to liver and spleen retention.  The bone uptake 
results in bone marrow irradiation that limits the dose that can be administered 
[41].  186Re is not retained in a catabolite form, and if released by chelate 
breakdown, the resulting perrhenate has only a small thyroidal uptake.  This 
allows minimal risk to patients because significantly lower doses have to be 
dispensed. 
 
In addition to 186/188Re, the most commonly used radionuclides in the clinic for 
radioimmunotherapy (RIT) are 90Y and 131I, while 177Lu and 90Y are used in peptide 
receptor radionuclide therapy (PRRT).   
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Some of the disadvantages of 188Re are: 
i. The chemistry of 188Re is more sophisticated compared to the more simple 
chemistries of 90Y and 177Lu.  The latter is thus used more often in clinical practice; 
ii. The rather short half-life of 17h is perceived as being too short for 
radioimmunotherapy (RIT) and for whole antibodies (MW ~ 150,000 g.mol-1). 
 
1.4.1.2 Production of the rhenium nuclides 
 
At present 186Re can only be produced via irradiation of 185Re with neutrons in a 
reactor.  Usually the product is contaminated by reasonably high concentrations of 
“carrier” 185Re.   
 
188Re, on the other hand, can either be reactor-produced by using 187Re as the 
target, or it can be generator-produced.  In the latter 188W is produced from 186W 
by a two-step neutron capture reaction.  The rather long half-life of 188W (t½ = 69 d) 
allows it to be used as a mother nuclide to produce 188Re in a generator system 
[42].  188Re is then separated from W by a chemical or physical process, without 
contamination by other rhenium nuclides. 
 
1.4.2 Rhenium utilized in catalysis 
 
Apart from the numerous potential applications of the metal in nuclear medicine, 
certain complexes also possess excellent catalytic qualities.  Methyltrioxorhenium 
(MTO, CH3ReO3) is by far the most easily accessible of the organometallic oxides 
[2].  It is prepared from dirhenium heptaoxide and tetramethyltin, may be 
conveniently purified by vacuum sublimation, is stable far above its melting point 
(m.p. 106 °C), dissolves in all organic solvents and water without decomposition, 
and is stable to air and acid. 
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Table 1.1. Timeline of nuclear medicine development [38]. 
 
Year Development 
1930s Production of radioactive phosphorus in a cyclotron (utilized in patients 
with blood disorders). 
1940s Invention of the nuclear reactor enables scientists to generate nuclear 
substances (including those used in medicine) with greater ease. 
1946 Treatment with radioactive iodine completely stops the spread of thyroid 
cancer. 
1950s Invention of earliest imaging devices. 
1960s Integration of complex diagnostic applications with computers. 
1970s The advent of PET and MRI technology transformed the field, enabling 
physicians to record the structure and function of virtually every organ in 
the body - including the brain and spleen, the gastrointestinal tract, and 
even developing tumours. 
1980s Radiopharmaceuticals emerged as a specialized field yielding the 
development of new radioactive compounds for both diagnostic and 
therapeutic applications. 
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Table 1.2. Physical characteristics of current radionuclides used in humans for 
target-specific radiotherapy. 
 
Radionuclide Half-
life (h) 
E
γ
  
(main emission-
MeV) 
Mean 
E
β
 
(MeV)  
Maximum 
E
β
 (MeV) 
Mean/ max β- 
particle range in 
soft tissue (mm) 
186Re 89.2 0.137  1.1 1.6/ 5 
188Re 16.9 0.155 0.764 2.12 3.1/ 10.4 
90Y 64.1 - 0.935 2.28 4.0/ 11.3 
177Lu 161 0.208 0.133 0.497 0.23/ 1.8 
131I 192 0.364 0.182 0.610 0.39/ 2.3 
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Chapter 2 
 
Oxorhenium(V) Complexes with N2O2–Donor Tripodal 
Ligands 
 
 
2.1 Introduction 
 
The immense current activity in the coordination chemistry of rhenium is mainly 
the result of its analogy to technetium chemistry, as well as its expanding 
application in therapeutic nuclear medicine [1].  The impetus for advances in the 
coordination and radiopharmaceutical chemistry of rhenium is the synthesis of 
novel compounds, which can explore the effect of pendant groups, geometry, 
molecular weight, size and charge of these complexes on their biodistribution. 
 
One approach to the development of novel rhenium(V) complexes has been the 
‘3+1’ concept of ligand permutation, which provides a strategy for the consistent 
synthesis of complexes with the ReO3+ core [2,3].  This concept is based on the 
ligation of a dinegative tridentate chelate in combination with a monodentate 
uninegative thiolate in a square-pyramidal geometry of the rhenium(V) complex 
[4].  However, these ‘3+1’ complexes were found to be relatively unstable in vitro 
and in vivo, due to various reasons [5].  The kinetic stability was improved 
somewhat by ‘3+2’ six-coordinated oxorhenium(V) complexes [6].  In addition, 
‘2+2’ ligand combinations have also been exploited [7]. 
 
In this chapter this concept has been extended to ‘4+1’ complexes by using 
dianionic tetradentate N2O2-donor chelates around the oxorhenium(V) core.  
Several Re(V) complexes with tetradentate ligands have been described [8-10]; 
however, most of these ligands were of the Schiff base type. 
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Here the oxorhenium(V) complexes formed by the reaction of trans-
[ReOCl3(PPh3)2] with the tetradentate N2O2-donor ligands N,N-bis(2-
hydroxybenzyl)-2-(2-aminoethyl)dimethylamine (H2had), N,N-bis(2-
hydroxybenzyl)-aminomethylpyridine (H2hap) and N,N-bis(2-hydroxybenzyl)-2-(2-
aminoethyl)pyridine (H2hae) are reported.  The ligands used in this chapter are 
very similar, and differ mainly in the substituent R on the third arm of the tripod.  
H2hap has a pyridine attached (the corresponding starting material being 2-
(aminomethyl)pyridine); H2hae has a methyl pyridine (the starting material here 
being 2-(2-aminoethyl)pyridine); and lastly H2had in which the arm of the tripod is 
made up of a dimethylamine group.  
 
 
Figure 2.1. Structures of the tripodal ligands used. 
 
 
 
 
 
 
 
 
 
 
2.2 Experimental 
 
2.2.1 Materials 
 
All chemicals were of reagent grade and were used as received from the 
suppliers.  Solvents were purified and dried.  trans-[ReOCl3(PPh3)2] [11] and (n-
Bu4N)[ReOCl4] [12] were synthesised according to literature procedures.  The 
ligands H2had, H2hap [13] and H2hae [14] were prepared by methods in the 
literature. 
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2.2.2 Instrumentation 
 
Infrared spectra were recorded on a Nicolet 20 DXC FTIR spectrophotometer in 
the 4000 – 200 cm-1 range in KBr pellets.  All proton as well as carbon NMR 
spectra were obtained at 300K using a 300 MHz Bruker AMX-300 spectrometer 
with peak positions relative to SiMe4.  Optical spectra were obtained using a 
Perkin-Elmer 330 spectrophotometer.  Spectroscopic data are given as λmax (in 
nm) with extinction coefficients (in units M-1cm-1) in parentheses.  The extinction 
coefficients (ε) are given in dm3 mol-1cm-1.  The elemental analyses for carbon, 
hydrogen and nitrogen were carried out by the Department of Chemistry at the 
University of the Western Cape in Cape Town.  Conductivity measurements (in 
units cm2ohm-1mol-1) were carried out in a variety of solvents at 293K on a Phillips 
PW 9509 digital conductometer.  Melting points were determined using an 
Electrothermal 1A9100 melting point apparatus. 
 
2.2.3 Synthesis of the Complexes 
 
[ReOCl(had)] (1) 
 
To a suspension of 77 mg of H2had (256 µmol) in 5 cm3 of ethanol was added 104 
mg of trans-[ReOCl3(PPh3)2] (125 µmol) dissolved in 7 cm3 ethanol.  The reaction 
mixture was heated under reflux for 30 min, after which the dark green solution 
was cooled to room temperature and filtered.  The slow evaporation of this 
solution in a desiccator over 3 days yielded green crystals that were suitable for X-
ray crystallographic studies.  The crystals were collected by filtration, washed with 
water, toluene and diethyl ether, and dried under vacuum.  Yield = 58%; m.p. 
213 °C.  Anal. Calcd. for C18H22N2O3ClRe(%): C, 40.33; H, 4.14; N, 5.23.  Found:  
C, 40.43; H, 3.97; N, 5.14.  Infrared: ν(Re=O) 957(s); ν(Re-Cl) 327(m); ν(C-O) 
1271(s), 1255(s); ν(Re-O) 458(w), 480(w); ν(Re-N) 501(m), 524(m); ν(N-CH3) 
1283(s).  1H NMR: 7.33 (m, 4H, H2,H4,H9,H11); 7.05 (d, 1H, H12, J = 7.5Hz); 7.00 (t, 
1H, H10); 6.85 (t, 1H, H3); 6.76 (d, 1H, H5); 5.02 (d, 1H, HA14); 4.71 (d, 1H, HB14); 
4.48 (d, 1H, HA7); 4.02 (d, 1H, HB7); 3.49 (t, 2H, H15); 3.30 (t, 2H, H16); 3.06 (s, 3H, 
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17CH3); 2.96 (s, 3H, 18CH3).  Conductivity = 17.  Electronic spectrum: 626 (1220), 
374 (26400). 
 
[ReOCl(hap)] (2) 
 
The synthesis was carried out in exactly the same way as for complex 1.  Green 
diamond-shaped crystals with the formulation 2•0.25MeOH were grown from a 
methanol solution of 2.  Yield = 67%; m.p. 275 °C.  Anal. Calcd. for 
C20H18N2O3ClRe(%): C, 43.20; H, 3.26; N, 5.04.  Found: C, 43.22; H, 3.23; N, 
4.82.  Infrared: ν(Re=O) 961 (vs); ν(Re-Cl) 322(m); ν(C-O) 1252(s), 1274(s); ν(Re-
N) 496(m), 518(m); ν(Re-O) 458(w), 471(w).  1H NMR: 8.97 (d, 1H, H13, J = 5.1 
Hz); 7.89 (t, 1H, H11, J = 7.5Hz); 7.69 (t, 1H, H12); 7.59 (d, 1H, H17, J = 7.7Hz); 
7.44 (t, 1H, H19, J = 7.5Hz); 7.34 (d, 1H, H4, J = 7.2Hz); 7.16 (d, 1H, H20, J = 
8.0Hz); 7.05 (d, 1H, H7); 6.92 (t, 1H, H18); 6.85 (t, 1H, H5); 6.56 (d, 1H, H10); 6.06 
(t, 1H, H6); 5.89 (d, 2H, H8); 5.14 (d, 2H, H14); 4.86 (d, 2H, H1).  Conductivity = 18.  
Electronic spectrum: 595 (760), 379 (21000). 
 
[ReOCl(hae)] (3) 
 
The method of preparation was the same as for 1.  Yield = 67%; m.p. 311 °C.  
Anal. Calcd. for C21H20N2O3ClRe(%): C, 44.24; H, 3.54; N, 4.91.  Found: C, 44.36; 
H, 3.67; N, 4.99.  Infrared: ν(Re=O) 957(vs); ν(Re-Cl) 324(m); ν(C-O) 1259(s), 
1270(s); ν(Re-N) 494(m), 514(m); ν(Re-O) 451(m), 465(m).  1H NMR: 9.23 (d, 1H, 
J = 5.4 Hz); 7.82 (t, 1H); 7.73 (t, 1H); 7.56 (d, 1H); 7.33 (t, 1H); 7.16 (d, 1H); 7.08 
(d, 1H); 7.00 (m, 2H); 6.80 (t, 1H); 6.67 (t, 1H); 6.39 (d, 1H); 4.95 (m, 4H); 4.32 (d, 
2H); 4.09 (d, 2H).  Conductivity = 16.  Electronic spectrum: 590 (850), 395 
(23400). 
 
2.2.4 Crystallography 
 
Crystals of complex 1 were grown by the slow evaporation of the mother liquor of 
the synthetic solution, and those of 2•0.25MeOH from a methanol solution.  
Diffraction data were measured using an Enraf-Nonius Kappa CCD diffractometer 
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(graphite-monochromated MoK
α 
radiation, λ = 0.71073 Å).  Intensity data were 
processed using the DENZO-SMN package [16].  The structures were solved 
using the direct-methods program SIR92 [17], which located all non-hydrogen 
atoms.  Subsequent full-matrix least-squares refinements were carried out using 
the CRYSTALS program suite [18].   Coordinates and anisotropic thermal 
parameters of all non-hydrogen atoms, except C and O of MeOH in 2, were 
refined.  Hydrogen atoms were positioned geometrically after each cycle of 
refinement.  A three-term Chebychev polynomial weighting scheme was applied.  
Refinements for 1 and 2 converged satisfactorily to give R=0.0252, wR=0.0287 
and R = 0.0256, wR = 0.0646 respectively.  Thermal ellipsoid plots (ORTEP-3 
[19]) at 40% probability are given in Figures 2.4 and 2.5 respectively for the 
structures of 1 and 2. 
 
Details of the crystal data, measurement of intensities and data processing are 
summarised in Table 2.1.  Selected bond lengths and angles for 1 and 2 are listed 
in Tables 2.2 and 2.3 respectively. 
 
2.3 Results and Discussion 
 
2.3.1 Synthesis 
 
The simple reaction of trans-[ReOCl3(PPh3)2] with a twofold molar excess of the 
ligands H2had, H2hap and H2hae (H2haa) in ethanol under reflux gave the green 
complexes [ReOCl(haa)] (1-3) as products.  With an equimolar ratio of reactants 
none of the complexes 1-3 could be isolated, and only [ReOCl2(OEt)(PPh3)2] was 
obtained.  This intimates the following equation for the formation reactions of the 
complexes [ReOCl(haa)]: 
 
 
[ReOCl3(PPh3)2]    +    2H2haa    →    [ReOCl(haa)]    +    [H4haa]Cl2   +    2PPh3 
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One equivalent of H2haa serves as a ligand, and the other as a base to 
deprotonate the phenolic hydroxy functions and to remove the two equivalents of 
HCl that are formed in the substitution reaction. 
 
Complexes 1-3 could also be prepared by the reaction of (n-Bu4N)[ReOCl4] with a 
twofold molar excess of H2haa in ethanol, or with equimolar quantities in the 
presence of triethylamine: 
 
 
(n-Bu4N)[ReOCl4] + H2haa + 2Et3N  →  [ReOCl(haa)] + 2[Et3NH]Cl + n-Bu4NCl 
 
 
All the prepared complexes are diamagnetic (formally d2), and they are non-
electrolytes in acetonitrile.  They are weakly soluble, but stable, in polar solvents 
like DMSO, DMF, acetonitrile, acetone and chloroform. 
 
 
2.3.2 Spectral characterisation 
 
In the infrared spectra (Figure 2.2) the asymmetric Re=O stretching frequencies 
appear as sharp strong bands in the narrow range 957-961 cm-1, which falls in the 
typical region of 951-966 cm-1 that is normally observed for complexes with a 
relatively hard phenoxy donor atom trans to the Re=O moiety [9,20,21].  
Deprotonation of both phenolic OH groups in each complex is supported by the 
absence of a band in the 3200-3500 cm-1 region, and the coordination of the 
deprotonated phenolate oxygens to rhenium is reflected by two ν(C-O) around 
1255 and 1270 cm-1 in the spectrum of each complex.  A single frequency at about 
324 cm-1 is ascribed to the Re-Cl stretch, with the chloride coordinated cis to the 
oxo group in all three complexes. 
 
1H NMR spectra support the arrangement of the tetradentate ligands around the 
rhenium(V) centre, with all the aromatic protons in different chemical environments 
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(Figure 2.3).  In the aromatic region of the spectrum of [ReOCl(hap)], for example, 
there are twelve (6 doublets and 6 triplets) separate signals for the twelve 
aromatic protons.  A similar phenomenon is observed for complexes 1 and 3.  
Furthermore, the signals of all the protons are shifted downfield with respect to 
those of the free ligands. 
 
Figure 2.2. The IR spectra of [ReOCl(hap)] and [ReOCl(had)]. 
 
 
 
 
 
 
 
 
 
 
Figure 2.3. The 1H NMR spectrum of [ReOCl(hap)]. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Chapter 2   29 
 
A. Abrahams Nelson Mandela Metropolitan University 
2.3.3 Description of the structures 
 
The structures (see Figures 2.4 and 2.5) of 1 and 2 (MeOH omitted for clarity) 
consist of discrete, monomeric and neutral oxorhenium complexes packed with no 
intermolecular contacts shorter than the Van der Waals radii sum.  The 
coordination geometry around the rhenium is highly distorted octahedral; the two 
nitrogen atoms N(1) and N(2) from the tetradentate dinegative ligands lie on the 
equatorial plane, along with the chloride and phenolate O(2) atoms, with the 
phenolate O(3) trans to the O(1) oxo atom.  The chloride is coordinated trans to 
the tripodal N(1) atom.  In the coordination spheres of both complexes both the 
six-membered metallocycle rings adopt the twist-boat conformation, the dihedral 
angles between the two aromatic rings being 69.15° (in 1) and 60.42° (in 2). 
 
In the two complexes the O(1)-Re-O(3) axis is non-linear (167.3° and 166.0° in 1 
and 2 respectively), and the rhenium atom is displaced from the mean equatorial 
plane by 0.0728(1) and 0.1203(1) Å in 1 and 2 respectively towards the oxo 
oxygen atom.  For example, as a measure of the octahedral distortion in the 
ClN2O3 polyhedron in 1, the Re atom is –1.23 Å from the N(2)N(1)O(1) plane and 
+1.20 Å from the Cl(1)O(2)O(3) one, the angle between the two triangular faces 
being 7.54° (-1.22 Å, +1.21 Å, 7.61° respectively for 2).  The interligand angles in 
the equatorial planes depart considerably from the ideal 90° (from 83.40°-96.12° in 
1 and from 79.25° to 99.30° in 2). 
 
The Re=O(1) distances of 1.676(4) Å (in 1) and 1.681(2) Å (in 2) compare 
favourably with those reported previously [9,20,21].  Surprisingly, the Re-O(3) 
bond lengths, trans to the oxo oxygen O(1), are significantly shorter than the 
equatorial Re-O(2) bond lengths (e.g. 1.950(4) vs 1.973(4) Å in 1; 1.959(2) vs 
1.980(3) Å in 2).  This is in contrast with the complex [ReOCl(sal2en)] (sal2en = 
1,3-N,N’-bis-(3,5-dichlorosalicylidene) diamino-2,2-dimethylpropyl), where the 
trans Re-O bond length (1.994(5) Å) is significantly longer than the cis Re-
O(phenoxy) bond length of 1.976(5) Å [9].  In the complex [ReOCl{(2-
OC6H4CH=N(CH2)3OCH2)2}] there is no significant difference between the two Re-
O (phenoxy) distances (1.977(5) for trans and 1.983(6) Å for the cis bond) [20]. 
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In complex 1, the Re-N(2) bond (2.235(5) Å) is significantly longer than the Re-
N(1) bond (2.174(4) Å), but in 2 the opposite is true (Re-N(2) = 2.149(4), Re-N(1) 
= 2.157(3) Å).  The bond angles around N(1) and N(2) in 1 are typical for sp3-
hybridized nitrogen atoms.  Also, the Re-Cl bond distance in 1 (2.362(2) Å) is 
considerably shorter than the equivalent bond in 2 (2.389(1) Å).  These bond 
lengths are within the range expected from the comparison of other six-coordinate 
monooxorhenium(V) complexes containing the ClN2O3 donor set [9,20,21]. 
 
If the structural data of 1 and 2 are compared, the main differences concern (i) the 
Re-O(3)-C(8)-C(13) and C(8)-C(13)-C(14)-N(1) torsion angles in 1 (31.8 and –
51.1°) compared with the equivalent Re-O(3)-C(16)-C(15) and C(16)-C(15)-C(14)-
N(1) in 2 (50.1 and –58.0°), (ii) the dihedral angles between the mean equatorial  
plane and the six-membered ReO(3)C(8)C(13)C(14)N(1) ring in 1 and 
ReO(3)C(16)C(15)C(14)N(1) in 2 (79.9° in 1 and 71.2° in 2), (iii) the Re-N(2)-
C(16)-C(15) and N(2)-C(16)-C(15)-N(1) torsion angles in 1 (-33.7 and 54.9° 
respectively) compared with Re-N(2)-C(9)-C(8) and N(2)-C(9)-C(8)-N(1) in 2 (-
10.2 and 35.8° respectively), (iv) the Re-O(3)-C(8) bond angle (138.0° in 1) 
decreases to 130.2 in 2.  
 
Complexes of rhenium(V) with tetradentate N2O2-donor ligands have been 
reasonably well studied.  With the Schiff base ligands H2sal2en [9] and H2salpd [8] 
(H2L) complexes of the type [ReOCl(L)] were isolated, with a phenoxy oxygen 
coordinated trans to the oxo group. 
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Figure 2.4. An ORTEP view of [ReOCl(had)](1) showing the atom-labelling 
scheme and 40% probability ellipsoids. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.5. ORTEP view (at 40% probability) of [ReOCl(hap)] (2). 
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Table 2.1. Crystal data and structure refinement for [ReOCl(had)] (1) and 
[ReOCl(hap)] (2). 
 
 1 2 
Empirical formula 
Formula weight 
Temperature (K) 
Crystal system 
Space group 
Unit cell dimensions (Å, °) 
 
 
 
 
 
Volume (Å3) 
Z 
Density (calc.) (Mgm-3) 
Crystal size (mm) 
Abs. coefficient µ (mm-1) 
F(000) 
Theta (min-max) 
Limiting indices 
 
 
Reflections collected/unique 
Observed data 
Nref, Npar 
R, wR, S 
Min/ max resd. dens. (e.Å-3) 
C18H22ClN2O3Re 
534.0 
150 
Orthorhombic 
P212121 
7.2072(1) 
10.4014(2) 
24.3819(4) 
90 
90 
90 
1827.8 
4 
1.948 
0.06x0.06x0.20 
6.814 
1034.5 
5.0-27.5° 
-9≤h≤9 
0≤k≤13 
0≤l≤31 
17773/4187 
3480[I>3.0σ(I)] 
4187, 227 
0.0252/0.0287/1.01 
-1.37, 1.07 
C20H18ClN2O3Re.0.25CH4O 
564.0 
200 
Monoclinic 
P21/c 
12.3858(2) 
13.9446(2) 
12.3117(1) 
90 
112.456(1) 
90 
1965.2 
4 
1.906 
0.05x0.21x0.27 
6.344 
1089 
3.3-27.5° 
-16≤h≤14 
-18≤k≤17 
-15≤l≤15 
33262/4473 
3918[I>2.0σ(I)] 
4473, 250 
0.0256/0.0646/1.08 
-1.26, 1.29 
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Table 2.2.  Selected bond lengths (Å) and angles (°) of [ReOCl(had)] (1). 
 
Re-O(1) 
Re-Cl 
Re-N(2) 
C(1)-O(2) 
N(1)-C(15) 
C(17)-N(2) 
 
Cl-Re-O(1) 
Cl-Re-O(2) 
Cl-Re-O(3) 
Cl-Re-N(1) 
Cl-Re-N(2) 
O(1)-Re-N(2) 
O(2)-Re-N(2) 
N(1)-Re-N(2) 
Re-N(1)-C(7) 
C(7)-N(1)-C(14) 
C(16)-N(2)-C(17) 
1.676(4) 
2.362(2) 
2.235(5) 
1.336(7) 
1.506(7) 
1.493(8) 
 
99.0(2) 
86.6(1) 
91.2(1) 
175.2(1) 
96.1(2) 
86.0(2) 
176.0(2) 
83.4(2) 
106.9(3) 
106.3(4) 
109.8(5) 
 
 
Re-O(2) 
Re-N(1) 
Re-O(3) 
C(8)-O(3) 
N(1)-C(14) 
C(18)-N(2) 
 
O(1)-Re-O(2) 
O(1)-Re-O(3) 
O(2)-Re-O(3) 
O(1)-Re-N(1) 
O(2)-Re-N(1) 
O(3)-Re-N(1) 
O(3)-Re-N(2) 
Re-O(2)-C(1) 
Re-O(3)-C(8) 
C(7)-N(1)-C(15) 
O(3)-C(8)-C(9) 
1.973(4) 
2.174(4) 
1.950(4) 
1.363(7) 
1.497(7) 
1.479(8) 
 
96.5(2) 
167.3(2) 
91.6(2) 
85.7(2) 
93.7(2) 
84.0(2) 
85.4(2) 
124.6(4) 
138.0(4) 
109.1(5) 
120.4(5) 
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Table 2.3. Selected bond lengths (Å) and angles (°) of [ReOCl(hap)] (2). 
 
Re-O(1) 
Re-Cl 
Re-N(2) 
C(3)-O(2) 
N(1)-C(8) 
 
Cl-Re-O(1) 
Cl-Re-O(2) 
Cl-Re-O(3) 
Cl-Re-N(1) 
Cl-Re-N(2) 
O(1)-Re-N(2) 
O(2)-Re-N(2) 
N(1)-Re-N(2) 
Re-N(1)-C(1) 
C(1)-N(1)-C(14) 
C(9)-N(2)-C(13) 
1.681(2) 
2.389(1) 
2.149(4) 
1.352(5) 
1.511(5) 
 
98.4(1) 
85.87(8) 
90.00(8) 
174.60(7) 
99.30(9) 
87.3(2) 
170.6(1) 
79.2(1) 
107.5(2) 
107.5(3) 
119.2(4) 
 Re-O(2) 
Re-N(1) 
Re-O(3) 
C(16)-O(3) 
N(1)-C(14) 
 
O(1)-Re-O(2) 
O(1)-Re-O(3) 
O(2)-Re-O(3) 
O(1)-Re-N(1) 
O(2)-Re-N(1) 
O(3)-Re-N(1) 
O(3)-Re-N(2) 
Re-O(2)-C(3) 
Re-O(3)-C(16) 
C(1)-N(1)-C(8) 
O(3)-C(16)-C(17) 
1.980(3) 
2.157(3) 
1.959(2) 
1.354(5) 
1.506(4) 
 
99.7(1) 
166.0(1) 
92.0(1) 
86.7(1) 
95.0(1) 
84.6(1) 
80.3(1) 
123.6(2) 
130.2(2) 
110.3(2) 
121.6(3) 
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Chapter 3 
 
Oxorhenium(V)-mediated Syntheses and Structures 
of Oxypyridinium-Ammonium Zwitterions 
 
 
3.1 Introduction 
 
In the previous chapter the “4+1” concept of ligand permutation was employed to 
prepare six-coordinate oxorhenium(V) complexes by the coordination of dianionic 
tetradentate N2O2-donor chelates.  For example, the reaction of trans-
[ReOCl3(PPh3)2] with N,N,-bis(2-hydroxybenzyl)-2-(2-aminoethyl)dimethylamine 
(H2had) in ethanol gave the complex [ReOCl(had)] as product [1].  This Chapter is 
an extension of Chapter 2, and deals with the reactions of H2had [2] with trans-
[ReO2(py)4]I.  The reasons for the particular focus on H2had are fourfold: (i) the 
ligand can readily by synthesized from the double condensation reaction of 
salicylaldehyde with N,N,-dimethylethylenediamine, followed by NaBH4 reduction 
(Figure 3.1); (ii) After the initial product, no further purification was needed.  This is 
in contrast to H2hap and H2hae where primary recrystallizations were necessary; 
(iii) It was also found that by employing sodium borohydride undiluted increased 
the yield of H2had dramatically compared to H2hap and H2hae; and (iv) from a 
purely economical point of view, N,N-dimethylethylenediamine is less expensive 
than 2-(aminomethyl)pyridine and 2-(2-aminoethyl)pyridine). 
 
However, by reacting the dioxo starting material trans-[ReO2(py)4]I with H2had in 
acetone, the pyridinium zwitterions N1-(2-hydroxybenzyl)-N2,N2-dimethyl-N1-((2-
oxypyridinium)-1-methyl)ethane-1,2-diamine iodide ([Hhpd]I) and N2,N2-dimethyl-
N1-bis((2-oxypyridinium)-1-methyl)ethane-1,2-diamine iodide ([dod]I) were isolated 
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H
C
OH
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+2
N
H3C
CH3
H2N
N,N-dimethylethylenediamine
EtOH N+
OH HO
N
CH3
CH3
N
OH HO
N
CH3
CH3
(i) NaBH4 (neat)
(ii) EtOH
H2had
as products.  Zwitterions are ions that are electrically neutral overall but contain 
nonadjacent regions of positive and negative charges.  The best-known examples 
of zwitterions are the free amino acids found in cells.  These ions have numerous 
uses in industry with applications ranging from detergents, to implants, and to the 
oil industry [3].  Medicinally it is utilized in antihistamines (e.g. Fexofenadine) and 
in ophthalmology [4]. 
 
Figure 3.1. Synthesis of H2had. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
3.2 Experimental 
 
Trans-[ReO2(py)4]I [5] and H2had [2] were prepared by literature procedures.  
Solvents were dried by standard methods, and other chemicals (Aldrich) were 
used as received after their purity was checked by melting point and NMR.  All 
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Me Me
H
1 equiv. [ReO2(py)4]I[H2had]
[Hhpd]+ [dod]+
synthetic procedures were done under a nitrogen atmosphere.  IR spectra were 
recorded for samples in KBr pellets on a Nicolet 20 DXC spectrophotometer in the 
4000-200 cm-1 range.  NMR spectra were recorded at 300 MHz on a Bruker AMX-
300 spectrometer.  All chemical shifts are relative to TMS, with DMSO-d6 as 
solvent.  Elemental analyses were carried out by the Department of Chemistry at 
the University of the Western Cape in Cape Town.  
 
Figure 3.2. Conversion of H2had to [Hhpd]+ and [dod]+.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
3.2.1  Preparation of the Zwitterions (Figure 3.2) 
 
N1-(2-hydroxybenzyl)-N2,N2-dimethyl-N1-((2-oxypyridinium)-1-methyl)ethane-
1,2-diamine iodide ([Hhpd]I) 
 
A mixture of trans-[ReO2(py)4]I (100 mg, 151 µmol) and H2had (91 mg, 300 µmol) 
in 15 cm3 of acetone was heated under reflux for 18 h, with the solution gradually 
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changing colour to green.  After heating was stopped, the solution was cooled to 
room temperature and filtered to give a clear green solution.  No precipitate 
formed.  The solvent was removed under vacuum to yield a light green oil, which 
was dissolved in 10 cm3 dichloromethane, and 3 cm3 n-heptane was added.  After 
5 h light green needles of [Hhpd]I.H2O started to form.  Anal. Found (Calcd. For 
C17H24N3O2I.H2O) C 45.87 (45.65), H 5.58 (5.86), N 9.77 (9.39). M.p. 114 °C.  IR: 
ν(O-H) 3434m, ν(N-H) 3276m, ν(C=N) 1593s, ν(C-OH) 1264s, ν(C-O¯ ) 1233s.  13C 
NMR (300 MHz, d6-DMSO) δ 43.36 (C9,C10,C11), 47.45 (C8), 53.18 (C7), 55.81 
(C12), 116.17 (C2), 120.23 (C4), 123.86 (C6), 124.82(C16), 129.73(C3), 
131.82(C14), 132.40(C5), 132.95(C13), 134.09(C17),150.41 (C15), 156.78 (C1). 
 
N2,N2-dimethyl-N1-bis((2-oxypyridinium)-1-methyl)ethane-1,2-diamine iodide 
([dod]I) 
 
A mass of 91 mg of H2had (302 µmol) was added to a solution of trans-
[ReO2(py)4]I (200 mg, 302 µmol) in 30 cm3 of acetone, and the mixture was 
heated under reflux for 18 h, with the solution gradually changing colour to yellow.  
After cooling to room temperature, the solvent was removed under vacuum to give 
a solid residue, which was dissolved in a mixture of 10 cm3 acetone and 5 cm3 n-
heptane.  After standing overnight, light yellow crystals, suitable for X-ray analysis, 
were collected.  Anal. Found (Calcd. For C16H23N4O2I.H2O) C 42.93 (42.87), H 
5.47 (5.62), N 12.63 (12.50). M.p. 123 °C.  IR: ν(N-H) 3274m, ν(C=N) 1597s, ν(C-
O¯ ) 1242s.  13C NMR (300 MHz, d6-DMSO) δ 43.16 (C15,C16), 47.12 (C14), 
54.11 (C13), 54.70 (C1,C7), 120.10 (C5,C11), 123.40 (C3,C9), 129.55 (C2,C8), 
131.81 (C6,C12), 156.46 (C4,C10).  1H NMR δ 2.79 (s, 6H, 2 x Me), 3.01 (t, 2H, J 
= 6.6, C13H2), 3.45 (t, 2H, J = 6.6, C14H2), 3.83 (s, 4H, C1H2,C7H2), 6.84 (t, 2H, J 
= 7.4, C4H,C10H), 7.07 (d, 2H, J = 8.0, C6H,C12H), 7.15 (d, 2H, J = 6.5, 
C3H,C9H), 7.20 (t, 2H, J = 8.0, C5H,C11H). 
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3.2.2  Crystallography 
 
Diffraction data for H2had, [Hhpd]I.H2O and [dod]I.H2O were collected on a Nonius 
Kappa CCD diffractometer with graphite-monochromated Mo K
α
 radiation 
(λ=0.71073 Å).  Details of the crystal data, intensity measurements and data 
processing are summarized in Table 3.1.  For the structure factors, corrections for 
Lorentz and polarization effects and absorption were made.  The structures were 
solved by direct methods and refined by full-matrix least-squares procedures using 
SHELXS97 and SHELXL97 [6].  All H atoms were placed in calculated positions, 
assigned fixed isotropic displacement parameters 1.2 times the equivalent 
isotropic U value of the attached atom, and allowed to ride on their respective 
parent atoms.  Selected bond lengths and angles are given in Table 3.2. 
 
3.3 Results and Discussion 
 
[Hhpd]I and [dod]I were synthesized by the reaction of trans-[ReO2(py)4]I with two 
equivalents and one equivalent respectively in acetone.  In [Hhpd]I, one of the 2-
hydroxyphenyl groups of H2had is substituted by an oxypyridinium group, and in 
[dod]I, both 2-hydroxyphenyl groups are converted.  Because of the appearance of 
the pyridinium rings and iodide in the products, these conversions could only have 
been facilitated by trans-[ReO2(py)4]I.  Although an opinion on the probable 
mechanism would be highly speculative, it seems obvious that a six-coordinated 
intermediate of the type trans-[ReO2(py)2(H2had)]+, with H2had coordinated 
through the two nitrogen-donor atoms only, must be formed initially, followed by 2-
hydroxyphenyl bond breaking and transfer of a pyridyl group.  Previous studies on 
the reactivity of pyridinium salts revealed that these ring systems readily react with 
nucleophiles [7].  In these transformations the nucleophile attacks the pyridine-
carbon atom adjacent to the nitrogen atom to give an intermediate product, which 
rapidly undergoes solvolysis, for example in methanol, to give pyridones.  
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The X-ray crystal structure determination of the starting material H2had (Figure 
3.3) shows trigonal pyramidal geometries around N1 [average C-N-C angle = 
110.7(1)°] and N2 [average C-N-C angle = 110.0(1)°] with an average C-N bond of 
1.472(2) Å (Table 3.2).  The two C-OH bonds have an average value of 1.367(2) 
Å, and the orientation of the pendant arms around N1 is governed by the 
hydrogen-bonds H(O1)···N2, H(O2)···O1, H(O2)···N1 and H(C15)···O1 (see Figure 
3.4 and Table 3.3). 
 
 
Figure 3.3. Molecular structure of [H2had], showing the atom labeling scheme. 
Intramolecular hydrogen bonds are shown as dashed lines.  
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Figure 3.4. The crystal packing of [H2had], viewed along the a axis.  
Intermolecular hydrogen bonds are shown as dashed lines. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The X-ray crystal structure analysis
 
for [Hhpd]I revealed the presence of a 
complex organic pyridinium zwitterion with a dimethylammonium group, a phenolic 
ring and a pyridinium ring with an oxo group in the 2-position (Figure 3.5).  The 
geometry around N1 is trigonal-pyramidal with an average C-N-C bond angle of 
111.5(3)°, and an average N-C single bond value of 1.475(5) Å.  Around N2 the 
average N-C bond is 1.490(5) Å and the average C-N-C bond angle is 111.9(3)°.  
The spatial arrangement of the pendant arms around N1 is governed by strong 
hydrogen bonds.  The protonation of N2 is supported by strong intramolecular 
hydrogen bonds with O1 and N1, in addition to hydrogen bonds between H(O1) 
and the water of crystallization H2(O3), and between H(C12) and O2 (see Figure 
3.6 and Table 3.3).  The phenolic ring is planar, with the C1-O1 [1.375(4) Å] bond, 
shorter than the C13-O2 [1.390(5) Å] bond on the pyridinium ring, and suggests 
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that O2 is present as a singly charged oxo group.  The C13-N3 and C17-N3 bonds 
have an average value of 1.396(6) Å, which differs insignificantly from the average 
C-C distance of 1.386(6) Å in this ring.  Around N3 the average C-N-C bond angle 
is 120.0(4)° and the C12-N3 bond is 1.509(6) Å.  The O2-C13-N3 [116.3(4)°] and 
O2-C13-C14 [122.7(4)°] bond angles are significantly different, due to the 
O(2)···H(C12) hydrogen bond.  
 
 
Figure 3.5. ORTEP drawing of [Hhpd]I.H2O (50% probability).  Intramolecular 
hydrogen bonds are shown as dashed lines. 
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Figure 3.6. Packing diagram for [Hhpd]I.H2O, viewed along the c axis. 
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The X-ray crystal structure analysis of [dod]I reveals that both 2-hydroxybenzyl 
groups of H2had have been substituted by 2-oxypyridinium groups (Figure 3.7).  
The average C-N-C angles around N1 and N4 are 111.6(3)° and 111.7(3)°, 
respectively.  The hydrogen-bonds O2···H(N4), N1···H(N4), O(1)···HA(C1) and 
N(3)···HB(C1) dictate the spatial arrangement of the arms around N1, and 
influence the O1-C2-N2 [117.1(4)°] and O2-C8-N3 [117.7(4)°] bond angles (see 
Figure 3.8 and Table 3.3).  Both pyridinium rings are planar, with the torsion 
angles N2-C2-C3-C4 = 0.7(7)° and C8-N3-C12-C11 = 0.2(6)°.  The C2-O1 
[1.375(5) Å] and C8-O2 [1.382(5) Å] bonds are significantly longer than the C-OH 
distances in H2had and suggest the presence of C-O- on the pyridinium rings.  The 
C-C [average 1.383(5) Å] and C-N [average 1.396(6) Å] bonds in the pyridinium 
rings suggest delocalization.  The C2-N2-C6 and C8-N3-C12 bond angles are 
118.3(4)° and 117.9(4)°, respectively.  
 
Figure 3.7. An ORTEP view of [dod]I.H2O. 
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Figure 3.8. The packing of [dod]I.H2O in the unit cell, viewed along the c axis.  
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The pyridinium rings can thus be described by the two resonance structures a and 
b, rather than c, in Figure 3.9.  This is somewhat surprising, since the pyridone 
form c is favoured in polar solvents and in the solid state [8,9]. 
 
In the IR spectra (Figure 3.10), the protonation of N2 and N4 in [Hhpd]+ and [dod]+, 
respectively, to form a dimethyl-ammonium group is confirmed by the 
characteristic ν(N-H) bands at 3276 and 3287 cm-1.  The ν(C=N) bands of the 
pyridinium rings appear as strong peaks at 1593 [Hhpd+] and 1597 cm-1 [dod+].  
Two strong absorptions at 1264 and 1233 [Hhpd+] and one at 1242 cm-1 [dod+] are 
assigned to ν(C1-O1/C13-O2) and ν(C2-O1/C8-O2), respectively.  The 13C NMR 
spectra in (CD3)2SO is temperature independent and exhibits the expected signals 
for the 17 and 16 carbon atoms in the structures of [Hhpd]+ and [dod]+, 
respectively.  The 1H NMR spectrum of [Hhpd]+ is complex with several 
overlapping multiplets, which made interpretation difficult and uncertain.  
 
 
Figure 3.9. Possible resonance structures for the pyridinium ring. 
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Figure 3.10. IR spectra of (a) H2had, (b) [Hhpd]I.H2O and (c) [dod]I.H2O. 
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(b) 
 
 
 
 
 
 
 
 
 
(c) 
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Table 3.1. Crystallographic data. 
 
 H2had [Hhpd]I.H2O [dod]I.H2O 
Chemical formula C18H24N2O2 C17H26N3O3I C16H25N4O3I 
Formula weight 300.39 447.31 448.30 
Crystal system Monoclinic Orthorhombic Orthorhombic 
Space group P21/c P212121 P212121 
Unit cell    
a (Å) 9.907(2) 13.9855(3) 10.1869(2) 
b (Å) 16.480(2) 13.9538(4) 13.9515(2) 
c (Å) 10.809(4) 10.1854(3) 13.9959(3) 
β (°) 111.37(2)   
Volume (Å3) 1643.4(7) 1987.69(9) 1989.13(6) 
Z 4 4 4 
Density(calc) (Mg.m-3) 1.214 1.495 1.490 
Crystal size (mm) 0.05x0.17x0.29 0.07x0.10x0.14 0.10x0.13x0.15 
µ (mm-1) 0.079 1.630 1.630 
F(000) 648 904 896 
Theta min-max 3.7-26.0 3.3-27.5 3.3-27.5 
Observed data [I>2σ(I)] 1956 3989 4052 
R/Rw 0.0348/0.0748 0.0321/0.0748 0.0339/0.0852   
GOF 0.89 1.07 1.04 
Min/max resd density(e.Å-3) -0.21/0.17 -0.62/0.72 -0.70/1.09 
CCDC 667957 667958 667959 
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Table 3.2. Selected bond lengths (Å) and angles (°). 
 
H2had     
O1-C3 1.363(2)  O2-C10 1.371(2) 
C1-N1 1.477(2)  N2-C16 1.468(2) 
C1-C2 1.505(2)  C2-C3 1.407(2) 
C1-N1-C8 111.2(1)  C16-N2-C17 109.4(1) 
N1-C1-C2 113.5(1)  O1-C3-C2 117.0(1) 
C2-C7-C6 121.9(1)  C5-C6-C7 119.0(2) 
     
[Hhpd]I.H2O     
C1-O1 1.375(4)  C13-O2 1.390(5) 
N1-C12 1.468(5)  C6-C7 1.507(5) 
N3-C12 1.509(6)  N2-C10 1.491(5) 
N3-C13 1.393(6)  N3-C17 1.398(6) 
C7-N1-C8 111.4(3)  C10-N2-C11 110.8(3) 
O1-C1-C2 121.8(3)  O2-C13-O3 116.3(4) 
C13-N3-C17 118.0(4)  C12-N3-C13 123.4(4) 
     
[dod]I.H2O     
O1-C2 1.375(5)  O2-C8 1.382(5) 
C2-N2 1.400(6)  N2-C6 1.395(6) 
N3-C7 1.504(6)  C1-N1 1.474(5) 
C1-N2 1.503(6)  C14-N4 1.494(5) 
C1-N1-C7 110.9(3)  C14-N4-C16 112.5(3) 
O1-C2-N2 117.1(4)  O2-C8-N3 117.7(4) 
C2-N2-C6 118.3(4)  C7-N3-C8 120.2(4) 
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Table 3.3. Hydrogen-bond geometry (bond lengths in Å, angles in degrees). 
 
H2had    
D-H A H A D A <DHA 
O1-H1 N2 
O2-H2 O1 
O2-H2 N1 
C15-H151 O1 
1.77 
2.48 
1.83 
2.52 
2.736(2) 
3.164(2) 
2.710(2) 
3.264(2) 
167 
125 
144 
129 
[Hhpd]I.H2O    
N2-H72 O1 
N2-H72 N1 
O1-H81 O3 
O3-H831 I 
C12-H12A O2 
2.19 
2.35 
1.96 
2.71 
2.40 
2.892(4) 
2.765(4) 
2.628(6) 
3.512(4) 
2.841(5) 
141 
111 
155 
167 
106 
[dod]I.H2O    
N4-H4 O2 
N4-H4 N1 
C1-
H1A O1 
C1-H1B N3 
2.12 
2.28 
2.40 
2.61 
2.894(4) 
2.764(4) 
2.845(5) 
3.028(6) 
139 
112 
106 
105 
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Chapter 4 
 
Synthesis and Characterization of a Cationic 
Oxorhenium(V) Complex containing a Pentadentate N3O2-
Donor Schiff Base Ligand 
 
 
4.1 Introduction 
 
One innovation to the development of novel rhenium complexes for 
radiopharmaceutical use is the “matched pair” approach.  This approach is based 
on the fact that the chemistries and physical characteristics of the two Group VII 
congeners, Re and Tc, are very similar due to the “lanthanide contraction”.  
Initially the better known chemistry of Re was exploited to develop new Tc 
radiopharmaceuticals.  Nowadays, Re complexes to be used in nuclear medicine 
are founded on existing Tc ones.  An example is the Tc(V) complex of 
dimercaptosuccinic acid (DMSA) which is successfully used as an imaging agent 
for medullary carcinoma [1].  The Re complex displays a similar geometry (Figure 
4.1) and a similar tumour tissue uptake. 
 
Figure 4.1. Structure of [ReO(DMSA)]-. 
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It has been an ongoing challenge to prepare mononuclear cationic oxorhenium(V) 
complexes [2-6] since some cationic technetium complexes play an important role 
in nuclear medicine where certain complexes are successfully employed as 
myocardial perfusion agents [1].  It is believed that lipophilic unipositively charged 
complexes would accumulate in the heart via the Na/K pump as K+ mimics [7].   
 
In this Chapter the pentadentate Schiff base ligand H2bsa (bis(N-
methylsalicylideneiminopropyl)amine) (see Figure 4.2), which can act as a 
potential dianionic N3O2 chelate, was used to yield a cationic “5+0” oxorhenium(V) 
complex of the formula [ReO(bsa)]PF6 (1).  Although neutral complexes of 
oxorhenium(V) with penta- and tetradentate Schiff bases are common, cationic 
species are rare in the literature. 
 
The neutral rhenium(V) and technetium(V) complexes [ReO(apa)] and 
[TcOCl(epa)] have been prepared from the potentially pentadentate N3O2-donor 
ligand N,N’-3-azapentane-1,5-diyl-bis{3-(1-iminoethyl)-6-methyl-2H-pyran-2,4(3H)-
dione} (H3apa) and the potentially tetradentate N2O2-donor ligand N,N’-ethylene-
diyl-bis-{3-(1-iminoethyl)-6-methyl-2H-pyran-2,4(3H)-dione}(H2epa) [8].  
 
Figure 4.2. Structure of H2bsa. 
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4.2 Experimental 
 
4.2.1 Reactants and methods 
 
Reagent-grade NH4ReO4 and deuterated solvents were purchased from Aldrich.  
Solvents and other chemicals (Aldrich) were used as received.  cis-[ReO2I(PPh3)2] 
was prepared according to a literature procedure [9].  The scientific 
instrumentation used is the same as reported elsewhere [10].  Infrared spectra 
were obtained in KBr discs and 1H NMR spectra were run in d6-DMSO. 
 
4.2.2 Synthesis of H2bsa and [ReO(bsa)]PF6  (1) 
 
Bis(N-methylsalicylideneiminopropyl)amine (H2bsa) 
 
To a mass of 2.01 g (0.0153 mol) of 3-aminopropylamine in 20 cm3 of ethanol was 
added 4.18 g (0.0307 mol) of 2-hydroxyacetophenone in 30 cm3 of a 2:1 ethanol/ 
benzene mixture.  The resulting yellow mixture was heated under reflux for 12h, 
after which the solvent volume was reduced under vacuum to about 10 cm3.  The 
addition of n-heptane precipitated a yellow solid, which was filtered off, washed 
with diethyl ether, and dried over anhydrous CaCl2.  Yield = 4.75g (85%), m.p. = 
124°C. 
 
[ReO(bsa)]PF6  (1) 
 
[ReO2I(PPh3)2] (103 mg, 118 µmol) and 44 mg of H2bsa (120 µmol) were added to 
toluene (15 cm3), and the mixture was heated under reflux to give a green 
solution.  After 1h NH4PF6 (20 mg, 122 µmol) was added, and heating was 
continued for another 2h.  After cooling to room temperature, the solution was 
filtered, and it was left to evaporate slowly at room temperature for 3 days to yield 
green crystals, which was removed by filtration, washed with ethanol and acetone, 
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and dried under vacuum.  Yield = 54 mg (64% based on Re), m.p. = 201 °C.  Anal. 
Calcd. for ReC22H27N3O3PF6 (%): C, 37.08; H, 3.82; N, 5.90.  Found: C, 37.21; H, 
4.02; N, 5.98.  IR(νmax/cm-1): ν(C=N) 1614, ν(Re=O) 940, ν(P-F) 849, ν(Re-N) 555, 
544.  1H NMR (δ ppm): 7.66 (d, 2H,  H2, H21), 7.28 (t, 2H, H4, H19), 7.15 (t, 1H, 
H3), 6.79 (d, 2H, H5, H18), 6.72 (t, 1H, H20), 3.63 (t, 4H, 2 x H9, 2 x H14), 2.97 (t, 
4H, 2 x H11, 2 x H12), 1.94 (q, 4H, H10, H13), 2.29 (s, 3H, C(8)H3), 1.89 (s, 3H, 
C(16)H3).  UV-vis (λmax, nm/ε, M-1cm-1): 388 (9900), 313 (42000).  Conductivity 
(10-3M, DMF): 91 ohm-1cm2mol-1.  
 
4.2.3 Crystallography 
 
Diffraction data were measured with a Nonius Kappa CCD diffractometer with 
graphite-monochromated Mo Kα radiation and the ω-scan technique.  The 
structure was solved by the direct method and refined by full-matrix least-squares 
on F2 using the SHELTL-97 software [11].  All non-hydrogen atoms were refined 
anisotropically.  The hydrogen atoms were located in calculated positions.  A 
summary of crystal data and structure refinement is given in Table 4.1.  Some 
selected bond lengths and angles are listed in Table 4.2.  
 
4.3 Results and discussion 
 
4.3.1 Synthesis and spectral characterization 
 
The Schiff base ligand H2bsa was prepared by the condensation of 3-
aminopropylamine with a twofold molar excess of 2-hydroxyacetophenone in 
benzene/ethanol in a good yield.  The complex [ReO(bsa)]PF6 (1) was obtained 
from the reaction of cis-[ReO2I(PPh3)2] with an equimolar quantity of H2bsa in 
toluene, with addition of NH4PF6 to isolate the cationic complex: 
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[ReO2I(PPh3)2]   +   H2bsa   +   NH4PF6   →   1   +   2PPh3   +   H2O   + NH4I 
 
 
The conductivity of 1 in DMF (ΛM=91 ohm-1cm2mol-1) confirms that it is a 1:1 
electrolyte.  Conductivity readings between 65 and 90 ohm-1cm2mol-1 are 
consistent with 1:1 electrolytes in DMF [12].  The complex is soluble in the most 
polar solvents such as DMSO, DMF and acetonitrile, and is stable for months in 
the solid state, and for days in solution.  
 
The infrared spectrum of 1 (Figure 4.3) displays the Re=O stretching frequency as 
a medium intensity peak at 940 cm-1.  The presence of the PF6- counterion is 
established unequivocally by a very strong absorption at 849 cm-1, which 
dominates the spectrum.  The absorption at 555 cm-1, and the shoulder at 544 cm-
1
, are assigned to ν(Re-N(1)/N(3)) and ν(Re-N(3)) respectively.  In the 1H NMR 
spectrum the two-proton signal that appears the furthest downfield at 7.66 ppm is 
ascribed to H2/H21.  Although the two phenyl rings are magnetically inequivalent, 
a two-proton triplet (at 7.28 ppm) for H4/H19 and a two-proton doublet for H5/H18 
at 6.79 ppm are observed.  However, two separate triplets are observed for H3 (at 
7.15 ppm) and H20 (at 6.72 ppm).  The protons on C(10) and C(13) are 
magnetically equivalent and give rise to a four-proton quintet at 1.94 ppm, as are 
the protons on C(9)/C(14) (triplet at 3.63 ppm) and on C(11)/C(12) (triplet at 2.97 
ppm).  The two methyl groups C(8)H3 and C(16)H3 give rise to two singlets at 2.29 
and 1.89 ppm.   
 
4.3.2 Crystal structure 
 
A perspective view of the asymmetric unit of [ReO(bsa)]+ is shown in Figure 4.4.  
The complex exhibits a distorted octahedral geometry around the central 
rhenium(V) ion, with the basal plane being defined by the phenolate oxygen O(1),  
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Figure 4.3. The IR spectrum of [ReO(basa)]PF6. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.4. Structure of [ReO(bsa)]+ with the atom numbering scheme and 
thermal ellipsoids drawn at 40% probability.  The hydrogen atoms are omitted for 
clarity.   
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the two imino nitrogens N(1) and N(2), and the secondary amino N(3).  The oxo 
group O(3) and phenolate O(2) lie in trans axial positions.  Distortion from an ideal 
rhenium-centred octahedron mainly results in a non-linear O(2)-Re-O(3) axis of 
169.1(2)°, accomplished by O(1)-Re-N(3) and N(1)-Re-N(2) angles of 166.5(2)° 
and 167.4(2)° respectively.  The metal is shifted out of the mean equatorial plane 
by 0.103 Å towards O(3), which is the result of the non-orthogonal angles O(3)-
Re-N(1) = 93.9(2)°, O(3)-Re-N(2) = 98.0(2)°, O(3)-Re-N(3) = 87.44(2)° and O(3)-
Re-O(1) = 103.0(2)°.  Surprisingly, the bite angles N(1)-Re-N(3) [97.6(2)°] and 
N(3)-Re-N(2) [87.2(2)°] differ significantly. The other two bite angles of the 
pentadentate bsa ligand are O(1)-Re-N(1) = 90.3(1)° and N(2)-Re-O(2) = 82.3(1)°.  
 
The Re-O(3) distance of 1.678(4) Å implies some triple bond character and is 
typical of cationic complexes of this kind [5-9].  The Re-O(2) bond [1.999(3) Å] is, 
as expected, longer than the Re-O(1) one [1.952(3) Å], due to the large trans 
effect of the oxo O(3).  Both these distances fall within the observed range of 
1.92(2) - 2.09(2) Å for Re-O (phenolate) bonds [4,6,13].  The significant difference 
in the Re-N (imine) bond lengths [Re-N(1) = 2.124(4) Å, Re-N(2) = 2.089(4) Å] 
may be due to the steric and angular strain in the ligand backbone.  The Re-N(3) 
distance of 2.173(4) Å is typical of Re(V)-N (amine) bonds [6,14]. 
 
Both the N(1)-C(7) [1.307(6) Å] and N(2)-C(15) [1.300(6) Å] bonds are double, and 
the C(7)-N(1)-C(9) [117.5(4)°] and C(14)-N(2)-C(15) [121.0(4)°] bond angles are 
close to the ideal of 120° for a sp2-hybridized nitrogen.  The C(11)-N(3)-C(12) 
angle of 108.7(4)° illustrates the sp3 hybridization of the secondary amino N(3). 
 
The packing of the complex in the unit cell is complemented by several hydrogen-
bonds involving the PF6- counterion (see Figure 4.5 and Table 4.3), in addition to 
the intramolecular hydrogen bond C(14)–H(14B)···O(3). 
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In earlier work we managed to prepare the cationic ‘3+2’ rhenium(V) complex 
[ReO(tmi)(mi)]Cl [Htmi=2-(1-ethanolthiomethyl)-1-methylimidazole; Hmi=2-
(hydroxymethyl)-1-methylimidazole] from the reaction of [ReOCl4]- with equimolar 
quantities of Htmi and Hmi [3].  However, the reaction of [ReOCl4]- with the 
tetradentate Schiff base ligand 1,2-benzylenebis(salicylideneimine) [H2sal2mp] 
gave the neutral distorted octahedral complex [ReOCl(sal2mp)] [16].  
 
 
Figure 4.5. PLUTON perspective view of the hydrogen-bonds involving the PF6- 
counterion in [ReO(basa)]PF6. 
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Table 4.1. Crystal data and structure refinement data for 1. 
 
Chemical formula 
Formula weight 
Crystal system 
Space group 
Unit cell dimensions (Å, °) 
a 
b 
c 
β 
Volume (Å3) 
Z 
Density (calc.) (Mg/m3) 
Absorption coefficient (mm-1) 
F(000) 
Crystal size (mm) 
θ range for data collection (°) 
Index ranges 
Reflections measured 
Independent/observed reflections 
Data/parameters 
Goodness of fit on F2 
Final R indices [I>2σ(I)] 
Largest diff. peak and hole (e/Å3) 
C22H27N3O3RePF6 
712.64 
Monoclinic 
P21/c 
 
7.0468(1) 
22.5825(5) 
15.9979(4) 
102.324(1) 
2487.15(9) 
4 
1.903 
5.025 
1392 
0.01 x 0.05 
3.2-27.1 
-8≤h≤9, -28≤k≤28, -20≤ℓ≤18 
45384 
5484/4026 
5484/325 
1.05 
0.0329 (wR2 = 0.0693) 
1.54, -0.73 
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Table 4.2. Selected bond lengths (Å) and bond angles (°) for 1. 
 
Re-O(3) 
Re-O(1) 
Re-N(1) 
N(1)-C(7) 
N(3)-C(11) 
O(2)-C(22) 
N(1)-C(9) 
 
O(3)-Re-O(2) 
N(1)-Re-N(2) 
N(1)-Re-N(3) 
N(2)-Re-O(2) 
O(3)-Re-N(1) 
O(3)-Re-N(3) 
Re-O(2)-C(22) 
C(7)-N(1)-C(9) 
C(6)-C(7)-C(8) 
1.678(4) 
1.952(3) 
2.124(4) 
1.307(6) 
1.491(6) 
1.343(6) 
1.484(6) 
 
169.1(2) 
167.4(2) 
97.6(2) 
82.3(1) 
93.9(2) 
87.4(2) 
122.7(3) 
117.5(4) 
117.5(4) 
 Re-O(2) 
Re-N(3) 
Re-N(2) 
N(2)-C(15) 
N(3)-C(12) 
O(1)-C(1) 
N(2)-C(14) 
 
O(1)-Re-N(3) 
O(1)-Re-N(1) 
N(2)-Re-N(3) 
O(3)-Re-O(1) 
O(3)-Re-N(2) 
O(1)-Re-O(2) 
C(11)-N(3)-C(12) 
C(14)-N(2)-C(15) 
N(2)-C(15)-C(17) 
1.999(3) 
2.173(4) 
2.089(4) 
1.300(6) 
1.505(7) 
1.334(6) 
1.482(6) 
 
166.5(2) 
90.3(1) 
87.2(2) 
103.0(1) 
98.0(2) 
87.9(1) 
108.7(4) 
121.0(4) 
121.4(4) 
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Table 4.3. Hydrogen-bonding geometry (Å, deg). 
 
D H A D-H H···A D···A D–H···A 
N3 
C3 
C10 
C11 
C13 
C14 
C18 
H3 
H3A 
H10B 
H11A 
H13A 
H14B 
H18 
F3 
F1 
F2 
F1 
F4 
O3 
F2 
0.93 
0.95 
0.99 
0.99 
0.99 
0.99 
0.95 
2.26 
2.51 
2.55 
2.45 
2.46 
2.52 
2.38 
3.14(1) 
3.39(1) 
3.34(1) 
3.29(1) 
3.44(1) 
3.04(1) 
3.26(1) 
156.0 
154.2 
137.4 
142.0 
168.2 
112.0 
154.3 
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Chapter 5 
 
2,2’-Dipyridylamine Complexes of Rhenium(V) 
 
 
5.1 Introduction 
 
Bidentate heterocyclic nitrogen-donor ligands with Re(V) have been reasonably 
well studied [1-6].  In general, six-coordinate oxorhenium(V) complexes with a 
phenolic or alcoxide oxygen atom trans to the oxo group were formed [7-10].   
 
As an extension of these studies we have now investigated the Re(V) complexes 
formed with 2,2’-dipyridylamine (dpa).  The latter is a tailored diimine, and is an 
important ligand due to its ability to form hydrogen-bonded networks through the 
active amine, and to luminescence through π-π* transitions [11].  Thus the 
advantage of the amine group in dpa over polypyridines like 2,2’-bipyridine and 
1,10-phenanthroline with no such tailoring can lead to the formation of 
superstructures [11]. 
 
The ability of dpa to coordinate as a bidentate ligand to transition metal ions has 
been well established [12-14].  However, none of these metals include rhenium.  
The two ring nitrogen atoms act as the electron-pair donors in the majority of 
complexes, although some examples exist in which the bridging amino nitrogen 
has donor properties [15].  Also, dpa can bond to metals in both protonated and 
deprotonated forms [16].  The ligand displays various bonding modes depending 
on the reaction conditions (Figure 5.1). 
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Figure 5.1. The three conformations of dpa: (a) cis-N; (b) trans-N; and (c) aligned 
N atoms. 
 
 
 
 
 
 
In the bidentate mode of coordination, Figure 5.1(a), the nitrogen atoms of each 
pyridine ring are arranged in a cis conformation, to allow bidentate chelation to a 
metal.  This contrast with the trans conformation found in the crystal structure of 
the free ligand [16], Figure 5.1(b), and is related to the cis conformation by a 
rotation of 180° of one pyridine ring about the ring carbon to the aliphatic nitrogen 
bond.  The only example of the dpa ligand in this trans conformation is in 
[W(CO)5(dpa)] [16].  Rotation of the second pyridine ring by 180°, in the trans 
conformation about the C-Naliphatic bond gives a near linear array of nitrogen atoms 
for coordination to metal atoms, Figure 5.1(c).  In the linear arrangement the 
pyridine rings have a significant dihedral angle.  Examples of this aligned 
conformation has been found in trinuclear Cu(II) and Ni(II) complexes [17,18]. 
 
In this chapter, we describe the preparation of [ReOCl2(OEt)(dpa)] (1), trans-
[ReO2(dpa)2]Cl (2), and the two polymorphs of (µ-O)[{ReOCl2(dpa)}2], (3a and 3b), 
and also present the crystal structures of 1, 2.3H2O, 3a and 3b.2DMSO. 
 
5.2 Experimental 
 
5.2.1 Reagents 
 
Trans-[ReOCl3(PPh3)2] was synthesised by a literature method [19].  2,2’-
Dipyridylamine (dpa) was obtained commercially (Aldrich), and was used without 
N N
H
N
N
N
H
N N
N
H
N
(a) (b) (c)
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further purification after its purity was verified by 1H NMR and melting point 
(95 °C).  Solvents were reagent grade, and were purified and dried before use.  All 
other chemicals were obtained commercially. 
 
5.2.2 Synthesis of the complexes 
 
[ReOCl2(OEt)(dpa)]  (1) 
 
Dpa (137 mg, 800 µmol) was added to a stirred suspension of trans-
[ReOCl3(PPh3)2] (300 mg, 360 µmol) in 10 cm3 ethanol, and the mixture was 
heated under reflux for 30 min.  After about 10 min of heating the lime-green 
colour of the starting material changed to purple, and after heating was stopped 
and the solution cooled to room temperature, a purple solid was filtered off.  
Recrystallization from dichloromethane/ ethanol gave dark blue crystals which 
were suitable for X-ray analysis.  Yield = 58%, m.p. 299-301 °C.  Anal. Calcd. for 
C12H14N3O2Cl2Re (%): C, 29.45; H, 2.88; N, 8.59.  Found: C, 29.68; H, 2.72; N, 
8.56.  IR (cm-1): ν(Re=O) 954s, ν(C=C) 1587s, ν(C=N) 1630s, ν(N-H) 3216w, 
δ(OCH2) 916vs, ν(Re-N) 524m, ν(Re-Cl) 318m.  1H NMR δ(ppm): 11.04 (s, 1H, 
NH), 9.26 (d, 2H, H(1), H(10), J 6.1), 8.15 (t, 2H, H(3), H(8), J 7.3), 7.54 (d, 2H, 
H(4), H(7), J 7.3), 7.47 (t, 2H, H(2), H(9), J 6.1), 3.28 (q, 2H, CH2, J 7.1), 0.77 (t, 
3H, CH3, J 7.1).  Conductivity (DMF, 10-3M): 8 Ω-1cm2mol-1. 
 
trans-[ReO2(dpa)2]Cl  (2) 
 
A mixture of 626 mg (3.65 mmol) of dpa and 331 mg (400 µmol) of trans-
[ReOCl3(PPh3)2] in 15 cm3 of ethanol was heated under reflux conditions for 30 
min.  During this time the colour of the solution changed from yellow-green to 
brown, and after 20 min a bright orange precipitate formed.  After cooling to room 
temperature, the solid was filtered off, washed with ethanol (2 × 2 cm3) and dried 
under vacuum.  Crystals of the 3H2O solvate, suitable for X-ray diffraction, were 
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obtained from the slow evaporation of the mother liquor of the synthetic solution.  
Yield = 72%, m.p. 229 °C.  Anal. Calc. for 2.3H2O (%): C, 36.95; H, 3.72; N, 12.93.  
Found: C, 37.12; H, 3.49; N, 12.69.  IR (cm-1): ν(O=Re=O) 814vs; ν(C=C) 1582s; 
ν(C=N) 1637s; ν(N-H) 3232w; ν(Re-N) 540m.  1H NMR (ppm): 11.24 (s, 2H, NH), 
8.06 (m, 8H, H(3), H(3'), H(5), H(5')), 7.61 (d, 4H, H(6), H(6'), J = 8.1Hz), 7.21 (t, 
4H, H(4), H(4'), J = 6.5Hz).  Conductivity (DMF, 10-3M): 81 ohm-1cm2mol-1. 
 
(µ-O)[{ReOCl2(dpa)}2]  (3a) 
 
Dpa (137 mg, 800 µmol) was added to a stirred suspension of trans-
[ReOCl3(PPh3)2] (300 mg, 400 µmol) in ethanol (10 cm3).  The mixture was heated 
to reflux for 30 min, generating a brown solution from which a green solid 
precipitated.  After heating was stopped, the solution was cooled to room 
temperature, and the green product was removed by filtration after standing 
overnight.  It was washed with cold ethanol and diethyl ether and vacuum dried.  
Recrystallization was from acetonitrile.  Yield = 76%, m.p. 274 °C.  Anal. Calc. for 
C20H18N6O3Cl4Re2(%): C, 26.55; H, 2.01; N, 9.29.  Found: C, 26.62; H, 2.11; N, 
9.13.  IR(cm-1): ν(Re=O) 913m; ν(Re-O-Re) 697vs; ν(N-H) 3297m; ν(Re-N) 529m; 
ν(C=N) 1632s; ν(C=C) 1585s; ν(Re-Cl) 317m, 322m.  1H NMR: identical to 3b. 
 
(µ-O)[{ReOCl2(dpa)}2].2DMSO  (3b) 
 
A solution of dpa (190 mg, 1110 µmol) in ethanol (10 cm3) was added dropwise to 
a stirred suspension of 324 mg (552 µmol) of (n-Bu4N)[ReOCl4] in 10 cm3 of 
ethanol.  An intense purple solution was obtained in a few minutes, and after 
stirring for 30 min, a dark green crystalline precipitate was collected by filtration, 
washed rapidly with water, acetone and diethyl ether, and dried under vacuum.  
Recrystallization was from DMSO/ n-hexane.  Yield = 74%, m.p. 246 °C.  Anal. 
Calc. for C24H30N6O5Cl4S2Re2(%): C, 27.17; H, 2.85; N, 7.92.  Found: C, 27.38; H, 
2.71; N, 7.79.  IR(cm-1): ν(Re=O) 923m; ν(Re-O-Re) 697s; ν(N-H) 3301m; ν(Re-N) 
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534m; ν(C=N) 1628s; ν(C=C) 1585s; ν(Re-Cl) 319m.  1H NMR (ppm): 10.89 (s, 
1H, NH), 8.82 (d, 2H, H(3), H(3')), 8.18 (t, 2H, H(5), H(5')), 7.56 (d, 2H, H(6), 
H(6')), 7.23 (t, 2H, H(4), H(4')).  Conductivity (DMF, 10-3M): 19 ohm-1cm2mol-1. 
 
5.2.3 X-ray data collection, structure solution and refinement 
 
Crystals for 3a were grown from an acetonitrile solution and that with formulation 
3b.2DMSO were obtained from a DMSO solution of 3b that was layered with n-
hexane.  Intensity data for 1, 2.3H2O, 3a and 3b.2DMSO were collected on a 
Nonius Kappa CCD diffractometer with Mo K
α
 radiation.  The structures were 
solved by direct methods and were refined by means of full-matrix least-squares 
procedures using SHELXL-97 [20].  All non-hydrogen atoms were refined 
anisotropically.  The crystal data and details of the structure determinations are 
given in Table 5.1, with selected bond distances and angles shown in Tables 5.2 – 
5.5 for 1, 2.3H2O, 3a and 3b.2DMSO. 
 
5.3 Results and Discussion 
 
5.3.1 Synthesis 
 
The reaction of trans-[ReOCl2(OEt)(PPh3)2] with a twofold molar excess of 2,2'-
dipyridylamine (dpa) under reflux conditions in ethanol gave high yields of the 
product [ReOCl2(OEt)(dpa)] (1).  The reaction is described by the equation: 
 
 
[ReOCl2(OEt)(PPh3)2]     +     dpa     →     [ReOCl2(OEt)(dpa)]     +     2PPh3 
 
 
The presence of a single species in the product 1 was established by 1H NMR 
spectroscopy, which also indicated the stereochemistry.  Only four signals that 
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integrate for two protons each were observed for the eight aromatic protons of 
dpa, indicating that the two rings of dpa are equivalent.  The implication is that 
complex 1 must be the fac isomer, with the ethoxide coordinated in the site trans 
to the oxo oxygen.  It was found earlier that the reaction of 2,2'-bipyridine (bpy) 
with trans-[ReOCl3(PPh3)2] or [ReOCl3(OPPh3)(SMe2)] yields the pure mer isomer 
of [ReOCl3(bpy)].  However, the reduction of a mixture of HReO4 and bpy with 
H3PO2 in HCl-ethanol gave a 40:60 ratio of mer:fac isomers of [ReOCl3(bpy)] [21]. 
 
The reaction of a tenfold molar excess of dpa with [ReOCl3(PPh3)2] in ethanol 
gave [ReO2(dpa)2]Cl (2) as only product: 
 
 
[ReOCl3(PPh3)2]    +    2dpa    +    H2O    →    [ReO2(dpa)2]Cl    +     2HCl    2PPh3 
 
 
Spectroscopic and structural data unambiguously established that the two oxo 
atoms are in trans positions relative to each other.  
 
A twofold molar excess of dpa with [ReOCl3(PPh3)2] in ethanol at refluxing 
temperature led to the isolation of the µ-oxo dimer [Re2O3Cl4(dpa)2] (3a).  
However, changing the starting material to (n-Bu4N)[ReOCl4] under the same 
conditions as for 3a at room temperature, a green product, also with the 
formulation [Re2O3Cl4(dpa)2] (3b), was formed.  Spectroscopic and structural 
characterisation show that 3a and 3b are polymorphic forms of the µ-oxo dimeric 
complex [Re2O3Cl4(dpa)2], that differ mainly in the orientation of the two dpa 
chelates relative to each other. 
 
All the complexes are diamagnetic and air-stable, and 2 is a 1:1 electrolyte in 
DMF.  They dissolve in polar solvents to give solutions that are stable for days. 
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5.3.2 Spectral characterisation 
 
In the IR spectrum of 1 there is a strong absorption at 954 cm-1, which is assigned 
to the Re=O stretch, and a very intense band at 916 cm-1, which corresponds to 
the ethoxy bending mode.  Rhenium(V) complexes with the trans oxo-ethoxo 
arrangement typically display the ν(Re=O) in the narrow range 949-960 cm-1 [22].  
The coordination of the pyridyl nitrogens is shown by the shift of ν(C=N) from 
about 1670 cm-1 in the free ligand to 1630 cm-1.  The coordination of the two 
chlorides is supported by a single medium intensity band at 316 cm-1, indicating 
their equivalent coordination environments in cis (to the oxo group) positions. 
 
The IR spectrum of 2 (Figure 5.2) is dominated by the very strong absorption of 
the asymmetric O=Re=O stretching frequency at 814 cm-1, which falls in the range 
(810-820 cm-1) normally found for trans-dioxo complexes with aromatic nitrogen 
donor ligands [22-24].  The typical pyridinic C=N and C=C stretching vibrations 
give rise to strong absorptions at 1637 and 1582 cm-1 respectively. 
 
The IR spectra of 3a and 3b.2DMSO in the solid state are typical of such oxo-
bridged dimers: a medium absorption at ~920 cm-1 attributed to the terminal oxo 
stretch and a very strong band at 697 cm-1 for the Re-O-Re stretch.  The spectrum 
of 3a displays two medium intensity bands for ν(Re-Cl) at 317 and 322 cm-1, but 
for 3b only one is observed at 319 cm-1.  The lattice DMSO of 3b gives rise to a 
strong band at 1025 cm-1, which is absent in the spectrum of 3a. 
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Figure 5.2. IR and 1H NMR spectrum of 2. 
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Complexes 1-3 show sharp, well-resolved peaks in their 1H NMR spectra.  The 
corresponding proton signals of each pyridine ring of the dpa ligand in the 
complexes are identical, giving the expected doublet-triplet-doublet-triplet set of 
signals, and implying that the corresponding protons of the two rings of a dpa 
chelate are magnetically equivalent.  Also, the sixteen aromatic protons of the two 
dpa ligands in 2 only give rise to only four signals.  Due to the insolubility of 3a 
and 3b in various solvents, their NMR spectra were only recorded in d6-DMSO, 
and they were found to be identical.  
 
5.3.3 Description of the structure of [ReOCl2(OEt)(dpa)]  (1) 
 
An ORTEP perspective view of the asymmetric unit of 1 is shown in Figure 5.3, 
and selected bong lengths and angles are given in Table 5.2.  The rhenium atom 
is at the centre of a distorted octahedral environment.  The basal plane is defined 
by a N2Cl2 donor set.  The ethoxide oxygen and the oxo group are in trans axial 
positions.  Distortion from an ideal rhenium-centred octahedron mainly results in a 
non-linear O(1)=Re-O(2) axis of 169.6(2)°, accomplished by N(1)-Re-Cl(2) and 
N(3)-Re-Cl(1) angles of 175.6(2) and 179.0(2)° respectively.  The rhenium atom is 
lifted out of the mean equatorial plane by 0.0488(1) Å towards O(1), which is the 
result of the non-orthogonal angles O(1)-Re-N(1) = 87.9(3)°, O(1)-Re-N(3) = 
85.7(2)°, O(1)-Re-Cl(1)=95.1(2)° and O(1)-Re-Cl(2) = 96.0(2)°.  The bite angle 
(i.e. N(1)-Re-N(3)) of dpa equals 86.1(3)°, which is significantly smaller than in 
dpa complexes of copper(II) and cobalt(II), where it varies from 88.0(2)° to 
91.2(2)° [12]. 
 
The Re=O(1) distance of 1.690(5) Å is statistically the same as for similar trans 
oxo-ethoxorhenium(V) complexes (average = 1.691(2) Å) [13], and it compares 
well with those reported for the [ReO(OEt)X2(PPh3)2] series (X = I, 1.699(4); Br, 
1.715(9); Cl, 1.678(6) Å) [14].  The average Re-Cl bond length (2.397(2) Å) is 
slightly shorter than the 2.404(2) Å in [ReOCl2(OEt)(py)2] [18].  The Re-N 
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distances are significantly unequal (Re-N(1) = 2.131(4), Re-N(3) = 2.156(7) Å); a 
phenomenon that was also observed in (µ-O)[{ReOCl2(dpa)}2] [3].  The Re-
O(2)(ethoxo) bond (1.866(5) Å) is identical to this bond in the complex 
[ReOCl(OEt)(eami)(PPh3)](ReO4) (eami = 2-(1-ethylaminomethyl)-1-
methylimidazole) [15], but is substantially less than 2.04 Å, which is considered to 
be representative of a Re(V)-O single bond [25].  The partial multiple bonding in 
Re-O(2) is consistent with the large Re-O(2)-C(11) angle of 149.8(5)°, although 
this cannot be the only cause since, with a Re-O double bond, this angle would be 
expected to be close to 120°.  The O(2)-C(11) distance (1.430(9) Å) is normal, and 
the C(11)-C(12) distance of 1.502(12) Å corresponds to a normal single bond.  
 
 
Figure 5.3. ORTEP view of [ReOCl2(OEt)(dpa)], showing the atom labelling 
scheme.  Atomic ellipsoids are drawn at the 40% probability level.  
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In 1 the pyridine rings of dpa are ‘flapped’ around N(2) away from O(1) towards 
O(2).  The two rings make dihedral angles of 32.24° and 31.79° with the mean 
equatorial plane, and 30.25° with each other. 
 
The C(5)-N(2)-C(6) angle of 129.4(6)° is identical to that in (µ-
O)[{ReOCl2(dpa)}2][5].  The C-C-N angles at the ring junctions deviate little from 
120° [N(1)-C(5)-N(2) = 119.6(6)° and N(3)-C(6)-N(2) = 120.4(6)°], and the rhenium 
atom lies just about on the lone-pair directions [C(5)-N(1)-Re = 121.6(4)° and 
C(6)-N(3)-Re = 120.3(5)°]. 
 
5.3.4 Description of the structure of trans-[ReO2(dpa)2]Cl•3H2O  (2) 
 
Single crystals of 2.3H2O suitable for X-ray analysis were obtained by the slow 
evaporation of the mother liquor of the synthetic solution.  An ORTEP plot of the 
complex is shown in Figure 5.4.  It crystallises in a triclinic space group with two 
molecules per unit cell. 
 
The rhenium atom resides at the centre of an octahedron with the equatorial plane 
formed by a N4 pyridinic donor set.  The two oxo groups are in trans positions 
relative to each other, with the O(1)-Re-O(2) bond angle close to linearity at 
179.2(1)°.  The dpa ligands act as neutral bidentate chelates. 
 
Selected bond lengths and angles are given in Table 5.3.  The Re=O distances 
(1.762(3) Å average) and the Re-N distances (from 2.137(4) to 2.150(4) Å) lie in 
the range usually found in other trans-dioxo [ReO2L4]+ cations (where L = py [26] 
or imidazole [27]).  The rhenium atom is coplanar with the four nitrogen donor 
atoms (it is 0.0086 Å out of the mean equatorial N4 plane towards O(1)), with the 
result that the four O(1)-Re-N angles are all orthogonal (from 90.08(13) to 
90.45(13)°).  The average bite angle of the two dpa ligands equals 83.80(15)° 
[N(1)-Re-N(3) = 83.95(15)°; N(4)-Re-N(6) = 83.64(15)°], which is considerably 
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larger than that of 2,2'-bipyridine in rhenium(V) complexes, which typically is found 
around 75° [28].  However, it is significantly smaller than the bite angles of dpa in 
copper(II) and cobalt(II) complexes, which vary from 88.0(2)° to 91.2(2)° [25,29]. 
 
The C(5)-N(2)-C(6) and C(15)-N(5)-C(16) angles around the amino nitrogens 
(126.1(4)° and 125.4(4)° respectively) are considerably larger than expected for a 
sp3-hybridised nitrogen.  The C-C-N angles at the ring junctions remain close to 
120° (N(1)-C(5)-N(2) = 120.9(4)°; N(3)-C(6)-N(2) = 120.0(4)°), and the metal lies 
only 2° off the lone-pair direction (C(5)-N(1)-Re = 122.0(3)°; C(6)-N(3)-Re = 
122.6(3)°). 
 
The four pyridine rings are folded slightly around the amino nitrogen atoms: rings 
N(1)-C(5) (ring 2) and N(3)-C(10) (ring 3) towards O(1), and N(4)-C(15) (ring 4) 
and N(6)-C(20) (ring 5) towards O(2) (see Figure 5.5).  These four rings also make 
dihedral angles from 35.16° to 36.15° with the mean equatorial N4 plane.  The 
trans pyridine rings are nearly coplanar, with dihedral angles between them 1.60° 
(rings 2 and 4) and 1.13° (rings 3 and 5).  Also, the dihedral angle between rings 2 
and 3 is 40.83°, and that between 4 and 5 equals 42.79°. 
 
The three water molecules of solvation are all involved in hydrogen bonds: 
N(5)H···O(91) = 2.818(6) Å; O(91)-H···O(92) = 2.776(6) Å; O(92)-H···O(1)  
= 2.779(5) Å; O(93)-H···O(2) = 2.788(6) Å.  Non-bonded contacts for the rest of 
the atoms are greater than 3.22 Å. 
 
The corresponding 2,2'-bipyridine (bpy) complex to 2, trans-[ReO2(bpy)2]Cl, has 
been reported in the literature [30], but its crystal structure has never been 
published.  Our efforts to synthesize it were unsuccessful.  
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Figure 5.4. An ORTEP view of trans-[ReO2(dpa)2]Cl.3H2O, showing the atom-
labelling scheme.  Atomic displacement ellipsoids are drawn at the 50% 
probability level.  (The chloride and water molecules have been omitted for clarity). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.5. An ORTEP plot of trans-[ReO2(dpa)2]Cl, showing the folding of the 
dpa ligands and co-planarity of the trans pyridine rings. 
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Figure 5.6. Hydrogen bonds of the water molecules of solvation in trans-
[ReO2(dpa)2]Cl (PLUTON plot). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
5.3.5 Description of the structures of (µ-O)[{ReOCl2(dpa)}2] (3a) and (µ-
O)[{ReOCl2(dpa)}2].2DMSO (3b.2DMSO) 
 
Green crystals of 3a were grown from acetonitrile, and dark green crystals with the 
formulation 3b.2DMSO, suitable for X-ray analysis, were obtained from a 
dimethylsulfoxide (DMSO) solution of 3b.  The molecular structures are illustrated 
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in Figures 5.7 (3a) and 5.8 (3b), and the bond lengths and angles are listed in 
Tables 5.4 (3a) and 5.5 (3b). 
 
 
Figure 5.7. ORTEP drawing (50% probability for thermal ellipsoids) of (µ-
O)[{ReOCl2(dpa)}2] (3a). 
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Figure 5.8. ORTEP drawing of the (µ-O)[{ReOCl2(dpa)}2] unit of 3b.2DMSO.  The 
bridging O(2) lies on a crystallographic inversion centre.  The DMSO molecules 
are not shown.  Ellipsoids correspond to 50% probability. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Complexes 3a and 3b each consists of two independent [ReOCl2(dpa)] units 
bridged by an oxygen atom.  In 3a, the O=Re-O-Re=O backbone shows 
considerable deviation from linearity [O(2)-Re-O(1) = 169.5(1)°; Re-O(1)-Re = 
172.3(2)°], with bending of the Re2O3 axis towards the two π-stacked pyridine 
rings coordinated via N(3).  In 3b, the bridging O(2) lies on a crystallographic 
inversion centre, making the Re-O-Re angle exactly 180°.  The two O(1)=Re-O(2) 
angles are also equal at 171.1(1)°. 
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Each rhenium is centred in a distorted octahedron with the equatorial plane 
formed by a N2Cl2 donor set.  The 3a molecule adopts a conformation in which the 
ReN2Cl2 planes are mutually rotated by 61.42° about the Re2O3 axis, which, 
together with the bond along the Re-O-Re axis, allows the symmetry-related 
pyridine rings coordinated through N(3) on opposite sides of the molecule to 
interact at an average contact distance of 3.27 Å (Figure 5.9).  The dihedral angle 
between the least-squares planes through these two stacked pyridine rings is 
6.24°.  In 3b the ReN2Cl2 planes are mutually rotated by 180.0°, so that the 
chlorines of one ReON2Cl2 unit almost eclipse the nitrogen atoms of the other part 
of the molecule.  The distances of the chlorine atoms of one unit to the pyridine 
planes in the other unit are on average 3.080 Å, that is, about equal to the sum of 
the van der Waals radii. 
 
In 3a, the pyridine rings of each dpa ligand are "flapped" towards the bridging 
oxygen O(1).  In contrast, the pyridine rings in 3b are "flapped" towards the 
terminal oxo groups.  In 3a these four rings make dihedral angles of 26.80° and 
27.75° with the mean equatorial plane, and 31.58° with each other in each dpa 
ligand.  The corresponding values for 3b are 32.12° and 30.83° with the mean 
equatorial plane, and 36.93° with each other.  As expected, the dihedral angle 
between the two equatorial N2Cl2 planes is 0.00° in 3b, but 16.81° in 3a. 
 
The chloride ligands are displaced away from the terminal Re=O bonds [average 
O=Re-Cl = 95.34(9)° in 3a; 95.0(1)° in 3b], while the opposite is true for the 
pyridinic nitrogen donor atoms [average O=Re-N in 3a equals 88.1(3)°; 88.3(2)° in 
3b].  These distortions, which is typical of such systems, are due to the relatively 
high double bond character of the terminal bonds [Re=O(2) = 1.692(3) Å in 3a; 
Re=O(1) = 1.695(5) Å in 3b] compared to the bridging Re-O single bonds 
[1.9151(3) Å in 3a; 1.9258(4) Å in 3b].  The result of these distortions is that the 
rhenium atoms are displaced from the mean equatorial planes by 0.0670 Å in 3a 
and by 0.0651 Å in 3b towards the terminal oxo oxygen.  The average Re-N 
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[2.137(3) Å in 3a; 2.130(5) Å in 3b] and Re-Cl bond distances [2.387(1) Å in 3a; 
2.393(2) Å in 3b] differ very little from these average values in the cis,cis [26] and 
trans,trans dimer [Re2O3Cl4(py)4] [31].  The bite angles of the dpa ligands in 3a 
and 3b are 87.6(1)° and 86.7(2)° respectively, significantly different from that in 2 
[83.8(1)°]. 
 
The C(5)-N(2)-C(6) angles of 129.7(3)° in 3a and 129.6(5) in 3b is significantly 
larger than in 2.  The C-C-N angles at the ring junctions deviate little from 120° 
[N(1)-C(5)-N(2) = 120.9(3)° and N(3)-C(6)-N(2) = 121.3(3)° in 3a; 121.8(5)° and 
121.6(5)° respectively in 3b], and the rhenium atoms lie just about on the lone-pair 
directions [C(5)-N(1)-Re = 121.6(2)° and C(6)-N(3)-Re = 120.6(2)° in 3a; 122.7(4)° 
and 122.8(4)° respectively in 3b]. 
 
The oxygens of the DMSO solvent of crystallisation in 3b.2DMSO are hydrogen-
bonded to the aminic hydrogens, with the N(2)-H···O(3) distances equal to 
2.814(7) Å (see Figure 5.10).  Non-bonded contacts for the rest of the atoms are 
greater than 3.23 Å. 
 
Figure 5.9. ORTEP view of the orientation of the π-stacked pyridine rings in 3a. 
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Figure 5.10. PLUTON plot of the hydrogen bonds between the oxygens of the 
DMSO solvent of crystallisation and the aminic hydrogens in (µ-
O)[{ReOCl2(dpa)}2].2DMSO. 
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Table 5.1. Crystallographic data for 1. 
 
Chemical formula 
Formula weight 
Temperature (K) 
Crystal system 
Space group 
Unit cell dimensions 
a 
b 
c 
Volume (Å3) 
Z 
Density (calc., Mg/m3) 
Absorption coefficient (mm-1) 
F(000) 
Crystal size (mm) 
θ range for data collection, deg 
Limiting indices  h 
   k 
   ℓ 
Reflections measured 
Independent/observed reflections 
Data/restraints/parameters 
Goodness of fit on F2 
R, wR2 
Largest diff. peak and hole, (e.Å-3) 
C12H14N3O2Cl2Re 
489.37 
200(2) 
Orthorhombic 
Pna21 
 
14.8212(4) 
7.6036(2) 
13.1638(4) 
1483.5(1) 
4 
2.191 
8.555 
928 
0.18 x 0.03 x 0.02 
3.15-25.01 
-17, 17, ,  
-8, 9 
-14, 15 
14014 
2501/2248 
2248/1/185 
1.121 
0.0251,  0.0509 
1.206, -0.855 
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Table 5.1. Continued (Crystallographic data for 2.3H2O). 
 
Empirical formula 
Formula weight 
Temperature (K) 
Radiation (Å) 
Crystal system 
Space group 
Unit cell dimensions (Å, °)   a 
    b 
    c 
    α 
    β 
    γ 
Volume (Å3) 
Z 
Density (calc; Mg/m3) 
Absorption coefficient (mm-1) 
F(000) 
Crystal size (mm) 
Theta min-max 
Limiting indices  h 
   k 
   ℓ 
Reflections collected/unique/ R(int) 
Observed data [I>2.0σ(I)] 
Nref, Npar 
R, wR2 
Min, max resd. density (e.Å-3) 
S 
C20H24ClN6O5Re 
650.1 
200 
0.71073 
triclinic 
PĪ 
7.3141 (3) 
11.2706 (4) 
13.8906 (6) 
85.435 (1) 
87.597 (1) 
77.210 (2) 
1112.7 (1) 
2 
1.940 
5.626 
636 
0.07 x 0.10 x 0.12 
3.2-27.4 
-9, 9 
-14, 14 
-17, 17 
17652/5004/0.064 
3934 
5004/325 
0.0367, 0.0756 
-2.32, 0.89 
1.00 
Chapter 5 87 
  
 
A. Abrahams Nelson Mandela Metropolitan University 
Table 5.1. Continued (Crystallographic data for 3a and 3b.2DMSO). 
 
 3a 3b.2DMSO 
Empirical formula 
Formula weight 
Temperature (K) 
Radiation (Å) 
Crystal system 
Space group 
Unit cell dimensions (Å, °) : a 
    b 
    c 
    α 
    β 
    γ 
Volume (Å3) 
Z 
Density (calc; Mg/m3) 
F(000) 
Crystal size (mm) 
Theta min-max 
Limiting indices  h 
   k 
   ℓ 
Reflections collected/unique/ R(int) 
Observed data [I>2.0σ(I)] 
Nref, Npar 
R, wR2 
Min, max resd. density (e.Å-3) 
S 
C20H18Cl4N6O3Re2 
904.6 
200 
0.71073 
tetragonal 
I 41/a 
13.8640 (6) 
13.8640 (6) 
25.532 (2) 
90 
90 
90 
4907.5 (4) 
8 
2.449 
3376 
0.07 x 0.13 x 0.20 
2.6-28.0 
-17, 17 
-18, 18 
-33, 33 
21330/2957/0.038 
2508 
2957/163 
0.0181, 0.0403 
-1.35, 0.51 
1.00 
C24H30Cl4N6O5S2Re2 
1060.9 
200 
0.71073 
triclinic 
PĪ 
9.01 (1) 
9.257 (1) 
10.964 (1) 
100.82 (2) 
108.61 (1) 
104.83 (1) 
800.6 (2) 
1 
2.200 
506 
0.05 x 0.10 x 0.14 
2.0-28.1 
-11, 11 
-12, 12 
-14, 14 
7362/3563/0.033 
2981 
3563/200 
0.0272, 0.0591 
-1.46, 2.88 
0.95 
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Table 5.2. Selected bond lengths (Å) and bond angles (°) for 1. 
 
Re-O(1) 
Re-N(1) 
Re-Cl(1) 
O(2)-C(11) 
N(2)-C(5) 
C(1)-N(1) 
C(5)-N(1) 
 
O(1)-Re-O(2) 
O(1)-Re-N(1) 
O(1)-Re-N(3) 
O(1)-Re-Cl(1) 
O(1)-Re-Cl(2) 
Re-O(2)-C(11) 
O(2)-C(11)-C(12) 
C(1)-N(1)-C(5) 
1.690(5) 
2.131(4) 
2.384(2) 
1.430(9) 
1.391(8) 
1.365(8) 
1.347(8) 
 
169.6(2) 
87.9(3) 
85.7(2) 
95.1(2) 
96.0(2) 
149.8(5) 
110.3(9) 
117.6(5) 
 Re-O(2) 
Re-N(3) 
Re-Cl(2) 
C(11)-C(12) 
N(2)-C(6) 
N(3)-C(6) 
N(3)-C(10) 
 
N(1)-Re-N(3) 
Cl(1)-Re-Cl(2) 
N(3)-C(10)-C(9) 
C(5)-N(2)-C(6) 
C(5)-N(1)-Re 
C(6)-N(3)-Re 
N(1)-Re-Cl(1) 
N(3)-Re-Cl(2) 
1.866(5) 
2.156(7) 
2.408(2) 
1.502(12) 
1.374(9) 
1.348(9) 
1.357(10) 
 
86.1(3) 
88.3(1) 
122.0(7) 
129.4(6) 
121.6(4) 
120.3(5) 
93.3(2) 
92.2(2) 
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Table 5.3. Selected bond lengths (Å) and angles (°) for 2.3H2O. 
 
Re-O(1) 
Re-O(2) 
Re-N(1) 
Re-N(3) 
Re-N(4) 
Re-N(6) 
C(3)-C(4) 
 
O(1)-Re-O(2) 
O(1)-Re-N(1) 
O(1)-Re-N(3) 
O(1)-Re-N(4) 
O(1)-Re-N(6) 
N(1)-Re-N(4) 
N(3)-Re-N(6) 
N(1)-Re-N(6) 
N(3)-Re-N(4) 
Re-N(3)-C(6) 
1.764(3) 
1.760(3) 
2.140(4) 
2.150(4) 
2.137(4) 
2.137(4) 
1.369(8) 
 
179.16(14) 
90.10(13) 
90.25(13) 
90.08(13) 
90.45(13) 
179.65(14) 
179.30(13) 
96.15(15) 
96.25(15) 
122.6(3) 
 N(1)-C(5) 
N(2)-C(5) 
N(2)-C(6) 
N(5)-C(16) 
C(1)-C(2) 
C(2)-C(3) 
C(4)-C(5) 
 
O(2)-Re-N(1) 
O(2)-Re-N(3) 
O(2)-Re-N(4) 
O(2)-Re-N(6) 
N(1)-Re-N(3) 
N(4)-Re-N(6) 
C(5)-N(2)-C(6) 
C(15)-N(5)-C(16) 
Re-N(1)-C(5) 
N(1)-C(5)-N(2) 
1.343(6) 
1.397(6) 
1.392(6) 
1.399(7) 
1.364(7) 
1.402(8) 
1.407(6) 
 
88.99(14) 
89.88(13) 
90.74(14) 
89.42(13) 
83.95(15) 
83.64(15) 
126.1(4) 
125.4(4) 
122.0(3) 
120.9(4) 
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Table 5.4. Selected bond lengths (Å) and angles (°) for 3a. 
 
Re-O(2) 
Re-Cl(1) 
Re-N(1) 
C(5)-N(2) 
C(1)-N(1) 
C(6)-N(3) 
 
O(2)-Re-O(1) 
Cl(1)-Re-Cl(2) 
O(2)-Re-Cl(1) 
O(2)-Re-N(1) 
C(5)-N(2)-C(6) 
Re-N(1)-C(5) 
1.692(3) 
2.398(1) 
2.127(3) 
1.382(4) 
1.364(4) 
1.342(4) 
 
169.5(1) 
87.75(3) 
94.05(9) 
89.9(1) 
129.7(3) 
121.6(2) 
 Re-O(1) 
Re-Cl(2) 
Re-N(3) 
C(6)-N(2) 
C(5)-N(1) 
C(10)-N(3) 
 
Re-O(1)-Re 
N(1)-Re-N(3) 
O(2)-Re-Cl(2) 
O(2)-Re-N(3) 
Cl(1)-Re-O(1) 
Re-N(3)-C(6) 
1.9151(3) 
2.375(1) 
2.147(3) 
1.376(4) 
1.333(4) 
1.354(4) 
 
172.3(2) 
87.6(1) 
96.63(9) 
86.3(1) 
91.46(3) 
120.6(2) 
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Table 5.5. Selected bond lengths (Å) and angles (°) for 3b.2DMSO. 
 
Re-O(1) 
Re-Cl(1) 
Re-N(1) 
C(5)-N(2) 
C(1)-N(1) 
C(6)-N(3) 
 
O(1)-Re-O(2) 
Cl(1)-Re-Cl(2) 
O(1)-Re-Cl(1) 
O(1)-Re-N(1) 
C(5)-N(2)-C(6) 
Re-N(1)-C(5) 
1.695(5) 
2.380(2) 
2.127(4) 
1.372(8) 
1.358(8) 
1.331(7) 
 
171.1(1) 
88.46(5) 
96.5(1) 
88.9(2) 
129.6(5) 
122.7(4) 
 Re-O(2) 
Re-Cl(2) 
Re-N(3) 
C(6)-N(2) 
C(5)-N(1) 
C(10)-N(3) 
 
Re-O(2)-Re 
N(1)-Re-N(3) 
O(1)-Re-Cl(2) 
O(1)-Re-N(3) 
Cl(1)-Re-O(2) 
Re-N(3)-C(6) 
1.9258(4) 
2.405(2) 
2.132(5) 
1.371(8) 
1.333(7) 
1.363(8) 
 
180.0 
86.7(2) 
93.5(1) 
87.6(2) 
91.35(4) 
122.8(4) 
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Chapter 6 
 
Coordination Properties of Di(2-pyridylmethyl)amine in a 
Monooxorhenium(V) Complex 
 
 
6.1 Introduction 
 
During the last few years oxorhenium(V) complexes with dianionic tridentate ONX-
donor (X = O,S) Schiff base ligands have been well studied [1-3].  It was found 
that the three donor atoms are bonded to the metal on the cis equatorial plane 
with respect to the Re=O linkage in complexes of the type [ReOCl(ONX)(MeOH)]. 
 
A study of oxorhenium(V) complexes with tridentate Schiff base ligands having the 
ONN donor-atom set has shown that it is the imino nitrogen that is coordinated 
trans to the oxo oxygen in complexes of the type [ReOCl2(ONN)] [4].  We have 
previously reported the products [ReOCl2(ONN)] obtained from the reaction of 
trans-[ReOCl3(PPh3)2] with tridentate ONN-donor ligands of the 
pyridylaminophenol type, which are similar to the tridentate Schiff base ligands, 
except that they contain an amino nitrogen in place of the imino nitrogen [5]. 
 
This chapter focuses on the reaction between (n-Bu4N)[ReOCl4] and the tridentate 
NNN-donor ligand (bis(pyridin-2-yl)methyl)amine (HBPA), which led to the 
isolation of [ReOCl(H2O)(BPA)]Cl (1).  In this complex the amine nitrogen is 
deprotonated, with BPA acting as a tridentate uninegative chelate.  Complex 1 is 
unusual since (i) Rhenium(V) complexes containing water as a ligand are rare; 
(ii) The deprotonation of a secondary amino nitrogen is surprising in ligands of this 
type; 
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(iii) The trans O=Re-OH2 moiety is an example of the first step in the formation of 
the trans O=Re=O group; 
(iv) The expected product would have been the neutral [ReOCl2(BPA)] or the salt 
[ReOCl2(HBPA)]Cl. 
 
6.2 Experimental 
 
6.2.1 Reagents 
 
(n-Bu4N)[ReOCl4] was prepared by a literature procedure [6].  HBPA was obtained 
commercially (Aldrich), and all other chemicals were of reagent grade and were 
used as received from commercial sources.  Solvents were purified and dried by 
standard procedures. 
 
6.2.2 Synthesis of [ReOCl(H2O)(BPA)]Cl  (1) 
 
The ligand HBPA (0.0244 g, 123 µmol), dissolved in 6 cm3 acetone, was added to 
a stirred solution of 0.07191 g (123 µmol) of (n-Bu4N)[ReOCl4] in 6 cm3 acetone.  
A dark green precipitate immediately formed, and the suspension was stirred for a 
further 4h at room temperature.  The solid was removed by filtration, washed with 
acetone (2 x 3 cm3), and dried under vacuum.  Recrystallization from acetonitrile 
gave avocado-green crystals, suitable for X-ray diffraction studies.  Yield = 39 mg 
(65%), m.p.  > 300°C.  Anal. Calcd. (%): C, 29.45; H, 2.87; N, 8.59.  Found: C, 
29.51; H, 2.37; N, 8.63.  IR (cm-1): ν(Re=O) 957; ν(C=N) 1613; ν(C=C) 1562; 
ν(Re-Npy) 590; ν(Re-N) 664; ν(Re-Cl) 309.  1H NMR (ppm): 9.60 (d, 2H, H(1), 
H(12), J = 6.1 Hz), 8.39 (t, 2H, H(3), H(10), J = 7.9 Hz), 8.17 (d, 2H, H(4), H(9), J 
= 7.9 Hz), 8.03 (t, 2H, H(2), H(11), J = 6.1 Hz), 6.78 (d, 2H, C(7)H(2), 5.00 (d, 2H, 
C(6)H(2), 2.50 (s, 2H, O(1)H(2).  
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6.2.3 X-ray determination of crystal structure 
 
Data collection was performed at 200 K on a Nonius Kappa CCD using Mo K
α
 
radiation.  The structure of 1 was solved by direct methods and was refined by full-
matrix least-squares procedures using SHELXL-97 [7].  Due to twinned crystals 
only the Re, Cl(1), Cl(2), O(1) and O(2) were refined anisotropically.  An ORTEP 
view of 1, along with the atom numbering scheme, is given in Figure 6.1.   
 
Relevant crystallographic data are given in Table 6.1, with selected bond lengths 
and angles shown in Table 6.2.  
 
6.3 Results and Discussion 
 
The reaction of equimolar quantities of (bis(pyridin-2-yl)methyl) amine (HBPA) with 
(n-Bu4N)[ReOCl4] in acetone at room temperature led to the isolation of the six-
coordinate rhenium(V) complex [ReOCl(H2O)(BPA)]Cl (1), according to the 
equation 
 
 
(n-Bu4N)[ReOCl4]  +  HBPA  +  H2O  →  1  +  (n-Bu4N)Cl  +  HCl 
 
 
The compound is green in colour, air stable, diamagnetic and a 1:1 electrolyte in 
acetonitrile.  The infrared spectrum (Figure 6.1) is characterized by a very strong 
absorption at 957 cm-1, which is assigned to ν(Re=O).  The expected range for 
this vibration frequency is 945-965 cm-1 [5].  There is no band in the range 3000-
3300 cm-1 which can be ascribed to ν(N-H).  The Re-Cl stretching frequency 
appears as a medium intensity band at 309 cm-1.  The absence of a NH proton 
signal in the 1H NMR spectrum supports the deprotonation of the secondary amine 
nitrogen N(2).  The corresponding protons of the two pyridine rings of BPA are 
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magnetically equivalent, giving rise to the familiar doublet-triplet-doublet-triplet 
signals of two protons each.  Surprisingly, the two methylene groups are not 
magnetically equivalent, giving a two-proton doublet each at δ6.78 and 5.00 ppm.  
The presence of water is indicated by a two-proton singlet at δ2.50 ppm. 
 
Figure 6.1. The IR spectrum of [ReOCl(H2O)(BPA)]Cl. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
An ORTEP perspective view of the asymmetric unit of 1 is shown in Figure 6.2.  
The rhenium ion is at the centre of a distorted octahedron.  The basal plane is 
defined by the two pyridyl nitrogen atoms N(1) and N(3), the deprotonated 
secondary amine nitrogen N(2) and the chloride Cl(1).  The oxo group O(2) and 
O(1) of the coordinated water molecule are in trans axial positions.  Distortion from 
an ideal rhenium-centred octahedron mainly results in a non-linear O(1)-Re-O(2) 
axis of 167.2(4)°, accomplished by N(1)-Re-N(3) and Cl(1)-Re-N(2) angles of 
153.9(4)° and 162.9(4)° respectively.  The rhenium ion is lifted out of the mean 
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equatorial N3Cl plane by 0.34 Å towards O(2), which is the result of the non-
orthogonal angles O(2)-Re-N(1) = 99.0(5)°, O(2)-Re-N(2) = 106.4(5)°, O(2)-Re-
N(3) = 102.5(5)° and O(2)-Re-Cl(1) = 90.6(4)°.  The two bite angles of BPA are 
different:  N(1)-Re-N(2) = 81.1(5)°, N(2)-Re-N(3) = 78.9(5)°.  In the N3O2Cl 
polyhedron the rhenium atom is 1.03 Å from the O(2)-N(1)-Cl(1) plane and 1.33 Å 
from O(1)-N(2)-N(3), the dihedral angle between these two planes being 16.0°.  
The edge distances are observed in a rather large range (from 2.52 Å for 
N(2)···N(3) to 3.42 Å for Cl(1)···N(1)), and the interligand angles in the equatorial 
plane depart from the ideal 90° (from 72.68° to 104.87°).  These structural 
properties are a common feature for six-coordinate octahedral monooxo 
complexes of Re(V) [2-5]. 
 
 
Figure 6.2. The molecular structure of [ReOCl(H2O)(BPA)]+ showing the atom 
numbering scheme and 40% displacement ellipsoids. 
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The Re=O(2) distance of 1.663(9) Å implies some triple bond character and is 
typical of cationic complexes of this kind [5].  The Re-O(1) distance of 2.21(1) Å is 
within range of the value of 2.23(2) Å found for water molecules bound trans to the 
oxo atom in [ReOCl2(tu)(H2O)]Cl and [ReOCl3(tu)(H2O)] [8,9].  The Re-Npy 
distances of 2.08(1) Å are significantly shorter than the narrow range of 2.13(2)-
2.15(2) Å found in monooxorhenium(V) complexes containing terdentate dipyridyl 
ligands [4,10].  The short Re-N(2) bond length of 1.89(1) Å is considerably shorter 
than the average Re-NH lengths of 2.21(2) Å found in complexes containing 
terdentate ligands of the pyridylaminophenol type [5], and illustrates significant 
multiple bond character. 
 
The deprotonation of N(2) is also manifested in the bond angles around it.  The 
C(6)-N(2)-C(7) angle of 119(1)° intimates sp2 hybridization of N(2), and the N(1)-
C(5)-C(6)-N(2)-C(7)-C(8)-N(3) chain is nearly perfectly planar, with the torsion 
angles N(1)-C(5)-C(6)-N(2) = 1(2)° and N(2)-C(7)-C(8)-N(3) = 0(2)°.  In fact, the 
whole BPA molecule is very planar, with the largest deviation from the mean plane 
being N(2) (0.22 Å).  
 
The chloride counterions Cl(2) form weak hydrogen bonds (2.96(1) and 3.06(1) Å) 
with the hydrogen atoms of the coordinated water in two complex units, as is 
shown in Figure 6.3.  Although examples of water acting as a ligand in 
oxorhenium(V) complexes are few, the trans oxo-aquo moiety has been observed 
in distorted octahedral complexes of the type [ReO(H2O)L]Cl, where L is a 
dianionic tetradentate ligand [11,12].  
 
 
 
 
 
 
Chapter 6 100 
 
 
A. Abrahams Nelson Mandela Metropolitan University 
Figure 6.3. PLUTON representation of the hydrogen bond formation (dashed 
lines) between the chloride counterion and the coordinated water molecule in 1.  
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Table 6.1. Crystal and structure refinement data for 1. 
 
Empirical formula 
Formula weight 
Crystal system 
Space group 
Unit cell dimensions (Å, °) 
a 
b 
c 
β 
Volume (Å3) 
Z 
Density (calc.) (g.cm-3) 
Crystal size (mm) 
Absorption coefficient (mm-1) 
F(000) 
Theta range (°) 
Index range 
 
 
Reflections collected/unique 
Data/restraints/parameters 
Goodness-of-fit on F2 
Final R indices 
Largest diff. peak and hole (eÅ-3) 
C12H14N3Cl2O2Re 
489.37 
Monoclinic 
P21/n 
 
8.2765(4) 
12.1139(9) 
14.6718(8) 
93.721(6) 
1467.9(2) 
4 
2.214 
0.03x0.05x0.12 
8.645 
928 
2.2-24.0 
-8≤h≤9 
-13≤k≤13 
-16≤ℓ≤16 
6210/2236 
2236/0/112 
0.86 
R=0.0475, wR2=0.1107 
2.29 and -1.98 
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Table 6.2. Selected bond lengths (Å) and angles (deg) for 1. 
 
Re-O(1) 
Re-N(1) 
Re-N(3) 
N(2)-C(6) 
C(5)-C(6) 
C(1)-N(1) 
N(1)-C(5) 
 
O(1)-Re-O(2) 
Cl(1)-Re-N(2) 
N(2)-Re-N(3) 
O(2)-Re-N(1) 
O(2)-Re-N(3) 
C(6)-N(2)-Re 
N(2)-C(6)-C(5) 
Re-N(1)-C(1) 
2.21(1) 
2.08(1) 
2.08(1) 
1.50(2) 
1.44(2) 
1.35(2) 
1.36(2) 
 
167.2(4) 
162.9(4) 
78.9(5) 
99.0(5) 
102.5(5) 
118.3(9) 
110(1) 
125.5(9) 
 Re-O(2) 
Re-N(2) 
Re-Cl(1) 
N(2)-C(7) 
C(7)-C(8) 
C(1)-C(2) 
C(2)-C(3) 
 
N(1)-Re-N(3) 
N(1)-Re-N(2) 
O(2)-Re-Cl(1) 
O(2)-Re-N(2) 
C(6)-N(2)-C(7) 
Re-N(2)-C(7) 
N(2)-C(7)-C(8) 
Re-N(3)-C(12) 
1.663(9) 
1.89(1) 
2.462(3) 
1.41(2) 
1.53(2) 
1.41(2) 
1.37(2) 
 
153.9(4) 
81.1(5) 
90.6(4) 
106.4(5) 
119(1) 
122.6(9) 
108(1) 
126.9(9) 
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Chapter 7 
 
Oxorhenium(V) Complexes with C-O Bridged Dipyridyl 
Ligands 
 
 
7.1 Introduction 
 
The study of oxorhenium(V) complexes with the dipyridyl ligands di-(2-
pyridyl)ketone (DPK), 2,3-bis(2-pyridyl)benzoquinoxaline (BBQ) and di-(2-
pyridyl)amine (DPA) and (bis(pyridin-2-yl)methyl)amine (HBPA) has been one of 
our focus areas in the field of rhenium coordination chemistry.  In the previous two 
chapters oxorhenium(V) complexes with dpa and HDIPA were discussed.  These 
ligands can be considered as the linear forms to the original tripods in Chapter 2.  
The synthesis and characterization of oxorhenium(V) complexes of DPK, in which 
the ketone group undergoes metal-promoted nucleophilic addition of water, and is 
coordinated as a uninegative tridentate ligand in [ReOCl2{(C5H4N)2C(O)(OH)}] was 
reported earlier [1] (Figure 7.1).   
 
Figure 7.1. Nucleophilic addition of water to DPK. 
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The reaction of BBQ with [ReOCl4]- led to the discovery that BBQ also undergoes 
addition of water at the imino carbon of the benzoquinoxaline to form “BBQ.H2O” 
(Figure 7.2) [2].  Deprotonation of the hydroxyl oxygen leads to the coordination of 
BBQ.OH as a uninegative tridentate ligand in [ReOCl2(BBQ.OH)].   
 
Figure 7.2. Nucleophilic addition of water to BBQ. 
 
 
 
 
 
 
 
 
 
 
In this chapter, the effects of replacing the central aliphatic amine in DPA and 
HBPA with an ethylene group on the ReO3+ moiety will be investigated.  
Representative ligands include cis-1,2-di-(2-pyridyl)ethylene (DPE) and the novel 
ONNO-donor 1,3-di(pyridine-2-yl)but-1-ene-1,3-diol (H2dbd) (see Figure 7.3). 
 
Figure 7.3. Schematic drawing of (a) DPE and (b) H2dbd. 
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It was found that DPE coordinates through the two nitrogens of the two pyridine 
rings to form a seven-membered metallocycle.  In addition, it was discovered that 
DPE undergoes nucleophilic addition of water at the two ethylene carbons to 
produce “DPE.H2O” (Figure 7.4).  A consequence of this process is that the 
hydroxyl group attached to the sp3 hybridized carbon atom will necessarily occupy 
a position close to one of the octahedral coordination sites at right angles to the 
ReN2 plane and would probably lead to steric interaction with any ligand in that 
position, or alternatively, may coordinate to the metal ion, with the ligand now 
behaving tridentately.  
 
 
Figure 7.4. Nucleophilic addition of water to DPE. 
 
 
 
 
 
 
 
 
 
Rhenium(V) complexes of potentially tetradentate ligands have been well studied 
during the last three decades [3].  These ligands were mainly of the amine-phenol 
and amine-acetylacetone type with the ONNO donor atom set, and monomeric 
complexes of the general formula [ReOCl(ONNO)] were isolated if air and 
moisture were excluded from the reaction mixtures.  However, if the reactions 
were carried out in air and wet solvents, so that some water was present, dimeric 
oxo-bridged complexes of the type [Re2O3(ONNO)2] were formed, with a linear 
O=Re-O-Re=O axis [1].  As a matter of fact, multidentate ligand-bridged dimers of 
oxorhenium(V) are very rare in the literature, and dimers of the ReO3+ core are 
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mainly of the oxo-bridged type.  In fact, the coordination chemistry of dinuclear 
and polynuclear oxo complexes have received increased attention recently, since 
these species exhibit structures, reactions and properties which are unusual from 
mononuclear complexes [4].  Also, these compounds are important in catalysis, 
electron-transfer reactions, biological mimicry and metal-metal interactions [5]. 
 
The detail of the synthesis of the H2dbd molecule, and the synthesis and crystal 
structure of a novel, dbd-bridged dimeric complex (µ-dbd)[ReOCl2(PPh3)]2, 
prepared from H2dbd and trans-[ReOCl3(PPh3)2], will also be described. 
 
7.2 Experimental 
 
7.2.1 Reagents and instrumentation 
 
trans-[ReOCl3(PPh3)2] [6] and trans-[ReOI2(OEt)(PPh3)2] [7] were synthesized by 
literature methods.  cis-1,2-Di-(2-pyridyl)ethylene (DPE) was obtained 
commercially (Aldrich).  Solvents were refluxed over appropriate drying agents, 
and distilled and degassed before use.  Infrared spectra were obtained using KBr 
discs.  The instrumentation used is the same as reported earlier [8]. 
 
7.2.2 Synthesis of H2dbd 
 
To 0.308 g of magnesium in 20 cm3 of diethyl ether under a nitrogen atmosphere 
at 0°C was added dropwise 1.2 cm3 of 2-bromopyridine (12.6 mmol).  After the 
addition was completed, the solution was heated under reflux for 2h, after which it 
was cooled to 0°C, before 1.5 cm3 of 2-acetylpyridine (13.3 mmol) was added 
dropwise.  Stirring was continued at 0°C for 15h, followed by the addition of a 
saturated ammonium chloride solution (20 cm3).  The aqueous layer was 
separated and extracted with ether (4 x 10 cm3).  The combined extracts were 
dried over anhydrous Na2SO4.  The removal of the ether under reduced pressure 
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yielded 1.77 g of a yellow oil (yield 58%).  Anal. Calcd for C14H14N2O2: C, 69.40, 
H, 5.82; N, 11.56.  Found: C, 69.12; H, 5.92; N, 11.91%.  1H NMR (CDCl3, δ ppm) 
2.49 (s, 3H, CH3), 3.11(s, 1H, H(8)), 6.94 (t, 1H, J = 5Hz), 7.14 (m, 2H), 7.24 (t, 
1H, J = 7 Hz), 7.50(t, 1H, J = 7 Hz), 7.68 (d, 1H, J = 7.5 Hz), 8.02 (d, 1H, J = 4 
Hz), 8.35 (d, 1H, J = 4 Hz).  13C NMR (CDCl3, δ ppm) 26.14 (C(7)), 30.11 (C(6)), 
49.01 (C(8)), 119.75 (C(9)), 120.77 (C(2)), 121.70 (C(11)), 122.11 (C(13)), 122.40 
(C(4)), 137.09 (C(3)), 137.50 (C(12)), 146.60 (C(1)), 146.88 (C(5)), 148.32 
(C(14)), 149.19 (C(10)). 
 
7.2.3 Synthesis of the complexes 
 
[ReOCl2(DPE.OH)]  (1) 
 
A mixture of 100 mg (120 µmol) of trans-[ReOCl3(PPh3)2] and 43 mg (235 µmol) of 
DPE in 15 cm3 was heated under reflux for 24h.  The colour of the solution 
gradually turned from green to blue, with the continuous precipitation of a blue 
compound.  After cooling to room temperature, the blue precipitate was collected 
by filtration, washed with ethanol (2 x 2 cm3) and dried under vacuum.  
Yield = 90% (51 mg); m.p. 223 °C.  Anal. Calcd. for C12H11N2O2Cl2Re(%):  C, 
30.51; H, 2.35; N, 5.93.  Found:  C, 30.83; H, 2.12; N, 5.96.  IR (KBr, cm-1): 
ν(Re=O) 940; ν(Re-N) 523, 511; ν(Re-O) 441; ν(Re-Cl) 322. 
 
[ReOI2(DPE.OH)]  (2) 
 
A suspension of DPE (42 mg, 230 µmol) in 5 cm3 of benzene was added to a 
benzene solution (7 cm3) of 115 mg (112 µmol) of trans-[ReOI2(OEt)(PPh3)2].  The 
mixture was stirred at room temperature for 24h, after which an avocado-green 
solid was removed by filtration, and washed with cold benzene (3 x 2 cm3) and 
dried under vacuum.  The slow evaporation of the mother liquor at room 
temperature to a volume of about 2 cm3 gave another batch of green crystals, 
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which were suitable for X-ray diffraction studies.  Yield = 84% (63 mg); m.p. 
185°C.  Anal. Calcd. for C12H11N2O2I2Re(%): C, 22.00; H, 1.69; N, 4.28.  Found:  
C, 22.12; H, 1.91; N, 4.36.  IR(KBr, cm-1): ν(Re=O) 922; ν(Re-N) 525, 509; ν(Re-
O) 419.  
 
(µ-dbd)[ReOCl2(PPh3)]2  (3) 
 
A mixture of 180 mg (216 µmol) of trans-[ReOCl3(PPh3)2] and 26 mg (107 µmol) of 
H2dbd in 20 cm3 of acetonitrile was heated under reflux for 3 h.  The original light 
green solution gradually turned to a dark green colour, and after heating was 
stopped, the solution was cooled to room temperature and filtered.  No precipitate 
formed.  After standing at ambient temperature for 3 days, dark green needles, 
suitable for X-ray analysis, were collected by filtration.  They were washed with 
ethanol and diethyl ether, and dried under vacuum.  Yield: 89% (131 mg), based 
on H2dbd.  Anal. Calcd for C50H42N2O4P2Cl4Re2•1.5CH3CN: C, 46.38; H, 3.41; N, 
3.57.  Found: C, 46.19; H, 3.28; N, 3.91.  IR (KBr, cm-1): ν(Re=O) 937(s), ν(Re-N) 
500(m), 528(m), ν(Re-Cl) 324(m), 335(m).  1H NMR (d6-DMSO, δ ppm) 2.05 (s, 
3H, CH3), 5.01 (s, 1H, H(8)), 6.87 (t, 1H), 7.06 (t, 1H), 7.21-7.55 (m, 33H), 7.61 (t, 
1H), 7.70 (d, 1H), 7.95 (d, 1H).  
 
7.2.4 X-ray structure determination 
 
X-ray diffraction studies of crystals (grown from benzene) of 1 and 2 were 
performed at 200(2) K using a Nonius Kappa and an Oxford XCalibur (for 3) CCD 
diffractometer with graphite-monochromated MoK
α
 (λ = 0 .71073 Å) radiation.  
Further details are given in Table 7.1.  The structures were solved by direct 
methods.  Non-hydrogen atoms were refined with anisotropic displacement 
parameters; hydrogen atoms bound to carbon were idealized and fixed.  Multi-
scan absorption corrections were made with SADABS [9].  Structural refinements 
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were carried out by the full-matrix least-squares method on F2 using the program 
SHELXL-97 [10].   
 
7.3 Results and Discussion 
 
7.3.1 Synthesis 
 
The rhenium(V) complex [ReOCl2(DPE.OH)] (1) was synthesized by the reaction 
of trans-[ReOCl3(PPh3)2] with a twofold molar excess of DPE in ethanol, heated 
under reflux in air.  The green colour of the starting material gradually turned blue, 
and when heating was stopped after 24h, the solution had deposited a blue 
crystalline solid.  The reaction is proposed to have proceeded as follows: 
 
 
[ReOCl3(PPh3)2]     +     DPE     +     H2O     →     1     +     2PPh3     +     HCl 
 
 
The reaction of equimolar quantities of starting materials only led to the isolation of 
trans-[ReOCl2(OEt)(PPh3)2]. 
 
The green complex [ReOI2(DPE.OH)] (2) was prepared by reacting trans-
[ReOI2(OEt)(PPh3)2] with two equivalents of DPE in benzene at room temperature 
in air.  The reaction is proposed to have occurred as follows: 
 
 
[ReOI2(OEt)(PPh3)2]     +     DPE     +     H2O     →     2     +     2PPh3     +     EtOH 
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Complexes 1 and 2 are stable in air.  They are highly insoluble in all common 
solvents; to such a degree that meaningful 1H NMR and electronic spectra could 
not be recorded. 
 
The treatment of trans-[ReOCl3(PPh3)2] with H2dbd in a 2:1 molar ratio in 
acetonitrile led to the isolation of the ligand-bridged dimer (µ-dbd)[ReOCl2(PPh3)]2 
(3).  The same product was isolated even at equimolar quantities of reactants, and 
all efforts to synthesize the monomer [ReOCl2(PPh3)(Hdbd)] were unsuccessful.  
The elemental analysis of the complex is in good agreement with its formulation.   
 
7.3.2 Spectral characterisation 
 
Very intense bands in the solid state infrared spectra of 1 and 2 at 940 and 922 
cm-1 respectively are attributed to the Re=O stretching frequencies (Figure 7.5).  
The deformation vibrations of the pyridine rings occur at 1611 and 1613 cm-1 
respectively.  Two medium intensity bands around 510 and 525 cm-1 in each 
complex are assigned to ν(Re-N).  Only one band (at 322 cm-1) was observed for 
ν(Re-Cl) in the spectrum of 1. 
 
The infrared spectrum of 3 (Figure 7.5) displays the Re=O stretching frequencies 
as a single peak at 937 cm-1, which falls in the observed region of 906-948 cm-1 
for neutral six-coordinate monooxorhenium(V) complexes with an alcoholate 
oxygen atom coordinated trans to the oxo group [11].  Deformation vibrations of 
the pyridine rings occur at 1603 and 1626 cm-1.  Two medium intensity bands at 
500 and 528 cm-1 are assigned to ν(Re-N).  Two bands were observed for ν(Re-
Cl) at 335 and 324 cm-1, suggesting that the two chlorides are in cis positions to 
each other, and cis to the oxo group.  The lack of paramagnetic broadening or 
shifts of resonances in the 1H NMR spectrum of the complex confirms its 
diamagnetic character.  Due to the similarity of the coordination environment of 
the two pyridyl rings in the complex, the proton signals could not be assigned with 
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certainty.  Several signals in the spectrum of the complex moved upfield from their 
positions in the spectrum of the free ligand H2dbd.  This phenomenon shows that 
these protons are particularly sensitive to their environment in the complex, 
probably originating from anisotropic effects.  With the ligand orientation observed 
in the crystal structure, anisotropy from the Re=O bond is likely to be felt by H(1) 
and H(14).  At the same time, these protons can be influenced by the anisotropy 
of the adjacent phosphine ligands.  Coordination of dbd will also introduce 
significant structural modifications in its conformation/orientation from what it was 
in the free ligand, thereby altering the magnetic environment of the protons. 
 
The structures of [ReOX2(DPE.OH)] (X = Cl (1), I (2)) contain discrete, 
monomeric, neutral monooxorhenium(V) complex units (Figures 7.6 and 7.7), and 
the crystal packing is governed by van der Waals contacts.  No intermolecular 
hydrogen bonds exist, and weak intramolecular hydrogen bonds are observed 
between C(1)H(1)···O(2) (2.947(9) Å) and C(12)H(12)···O(2) (2.85(1) Å) in 1, and 
between C(12)H(12)···O(2) (2.86(1) Å) in 2.  The donor atoms surrounding the 
rhenium are at the apices of a distorted octahedron, in which the equatorial plane 
is occupied by the two cis halides and by the two terminal pyridyl nitrogen atoms 
of the bidentate ligand, with the O(2) oxo ligand trans to the O(1) alcoholate atom.  
The DPE.OH moiety acts as a uninegative, tridentate NON-donor ligand to the 
rhenium atom.  Severe distortions from the ideal Re-centered octahedral 
configuration are as follows: (i) the Re atom lies out of the equatorial mean plane 
by 0.15 Å in 1 (0.17 Å in 2) toward the oxo ligand; (ii) the nonlinear O(1)-Re-O(2) 
axis of 160.1(2)° in 1 (160.7(3)° in 2) is accomplished by Cl(1)-Re-N(2) and Cl(2)-
Re-N(1) angles of 174.4(2)° and 170.0(2)°, respectively (in 2, I(1)-Re-N(1) = 
169.4(2)°, I(2)-Re-N(2) = 174.3(2)°); (iii) the edge distances are observed in a 
rather narrow range (from 3.01 Å for N(1)···N(2) to 3.33 Å for Cl(1)···Cl(2) in 1, but 
in a larger range for 2 (from 2.98 Å for N(1)···N(2) to 3.82 Å for I(1)···I(2)), and the 
interligand angles in the equatorial plane depart from the ideal 90° (from 86.5 to  
 
Chapter 7 113 
 
 
A. Abrahams Nelson Mandela Metropolitan University 
17
22
27
32
37
42
47
52
2254256258251025122514251625
Wavenumbers (cm-1)
%
 
Tr
an
sm
itt
an
c
e
12
17
22
27
32
37
42
47
2304306308301030123014301630
Wavenumbers (cm-1)
%
 
Tr
an
sm
itt
an
ce
30
40
50
60
70
80
2804806808801080128014801680
Wavenumber (cm-1)
%
 
Tr
an
sm
itt
an
c
e
Figure 7.5. The IR spectra of 1 (a), 2 (b) and 3 (c). 
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93.4° in 1; from 82.3° to 97.0° in 1); (iv) in the X2N2O2 coordination polyhedron the 
Re atom is +1.02 Å away from the Cl(1)Cl(2)O(2) plane (+1.09 Å in 2), and -1.35 Å 
from the N(1)N(2)O(1) one (-1.37 Å in 2), the angle between the two triangles 
being 12.1° in 1 (14.4° in 2).  These structural properties are a common feature for 
the numerous six-coordinate octahedral monooxo complexes of Re(V) [12-16].  In 
particular, the present complexes closely resemble [ReOCl2(DPK.OH)] and 
[ReOCl2(BBQ.OH)] [1,2].  For example, the two pyridine rings make a dihedral 
angle of 81.3° in 1 (84.6° in 2) to be compared with the values of 65.9° and 69.2° 
respectively in the above-mentioned complexes. 
 
In addition, the Re-O(1)-C(6) plane is virtually normal (dihedral angle of 91.0°(1) 
and 91.3°(2)) to the equatorial mean plane, as found in the above two complexes 
(91.5° and 90.6° respectively).  On the other hand, the most significant feature of 
the structure is that it unambiguously establishes the tetrahedral environment 
around the C(6) atom, as confirmed by the bond angle pattern. 
 
Bond lengths and angles in the complexes 1 and 2 show no unusual features, 
being within the range expected from the comparison of other six-coordinate 
monooxo complexes of Re(V) [1, 12-15,17]. 
 
The driving force for the nucleophilic addition of water to the ethylenic carbon C(6) 
after coordination of DPE to rhenium(V) was interpreted earlier as being the result 
of angular strain that is caused in DPE by the formation of a seven-membered 
metallocycle [1].  The formation of a planar seven-membered ring between 
rhenium and DPE will be difficult, leading to severe strain in the chelate.  
Nucleophilic attack by water and rehybridization of C(6) and C(7) to sp3 will relieve 
this strain.  In this case the coplanarity of the ligand and the conjugation over the 
ethylene group will be destroyed.  An additional driving force is the coordination of 
the deprotonated alcoholate oxygen O(1) of DPE.OH- to the metal, as can be 
expected for rhenium(V), which has a propensity to form octahedral complexes 
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[12-15].  This unusual example of metal-promoted nucleophilic attack of water to 
ethylenes presents interesting alternatives in the field of reactions of coordinated 
ligands.  
 
 
Figure 7.6. An ORTEP view of the structure of 1, showing the atom labelling 
scheme and thermal ellipsoids drawn at the 40% probability level.  H-atoms have 
been omitted for clarity. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
A perspective view of the asymmetric unit of (µ-dbd)[ReOCl2(PPh3)]2 is shown in 
Figure 7.8.  The complex displays a dinuclear structure in which two rhenium(V) 
ions are bridged by the dbd ligand.  Each rhenium ion is in a distorted octahedral 
geometry.  The basal plane is defined by a phosphorus atom of the PPh3 group, 
two chlorides cis to each other, and a pyridyl nitrogen atom of dbd.  The oxo group 
and alcoholate oxygen of dbd lie in trans axial positions.   
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Figure 7.7. ORTEP view of 2, showing the atom labelling scheme.  Atomic 
ellipsoids are drawn at the 40% probability level.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Distortion of an ideal rhenium-centred octahedron results in a non-linear 
O(1)=Re(1)-O(2) axis of 161.1(2)° [162.2(2)° for O(4)=Re(2)-O(3)] and Cl(1)-
Re(1)-N(1) and Cl(2)-Re(1)-P(1) of 169.1(2)° and 178.86(6)° respectively [Cl(4)-
Re(2)-N(2) = 166.4(2)°; Cl(3)-Re(2)-P(2) = 170.50(7)°].  The metal is shifted out of 
the mean equatorial plane formed by Cl2NP by 0.098 Å for Re(1) towards O(1) [by 
0.225 Å for Re(2) towards O(4)], with angles O(1)-Re(1)-Cl(1) = 105.0(2)° [O(4)-
Re(2)-Cl(4) = 104.3(2)°], O(1)-Re(1)-Cl(2) = 93.6(4)° [O(4)-Re(2)-Cl(3) = 98.5(2)°], 
O(1)-Re(1)-N(1) = 85.5(3)° [O(4)-Re(2)-N(2) = 88.9(2)°] and O(1)-Re(1)-P(1) = 
85.9(4)° [O(4)-Re(2)-P(2) = 90.4(2)°].  The Re(1)=O(1) axis is inclined by 10.92° 
with respect to the equatorial plane [by 9.15° for Re(2)=O(4)].  The two bite angles 
of the dbd ligand are very similar [N(1)-Re(1)-O(2) = 75.9(2)°; N(2)-Re(2)-O(3) = 
74.4(2)°]. 
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Figure 7.8. ORTEP plot of (µ-dbd)[ReOCl2(PPh3)]2 showing the atom labeling; 
thermal ellipsoids are drawn at 40% probability.  H-atoms are omitted for clarity. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The Re=O bond lengths [average = 1.674(6) Å] are within the range expected with 
an alcoholate oxygen trans to the oxo group [11].  There is a significant difference 
in bond length between Re(1)-O(2) [1.913(6) Å] and Re(2)-O(3) [1.987(5) Å], 
which is also reflected in the difference between the Re(1)-O(2)-C(6) [127.3(4)°] 
and Re(2)-O(3)-C(9) [121.1(4)°] bond angles.  These bond lengths are 
substantially shorter than 2.04 Å, which is considered to be representative of a 
Re(V)-O single bond [18].  The average Re-N bond length of 2.146(6) Å is typical 
of the rhenium(V)-pyridyl bonds [19].  On average, the two pyridyl rings make a 
dihedral angle of 83.26° with the mean equatorial planes, and 64.69° with each 
other.  The N-C-C angles at the ring junctions deviate significantly from 120° 
[N(1)-C(5)-C(6) = 116.0(7)°; N(2)-C(10)-C(9) = 112.8(6)°], and the rhenium atoms 
Chapter 7 118 
 
 
A. Abrahams Nelson Mandela Metropolitan University 
lie off the lone-pair directions of 120° [C(5)-N(1)-Re(1) = 115.0(4)°;  C(10)-N(2)-
Re(2) = 116.9(5)°].  The Re(1)-Cl(2) bond length [2.457(2) Å] is significantly longer 
than the Re(1)-Cl(1) one [2.362(2) Å], due to the larger trans effect of phosphorus 
compared to the pyridyl nitrogen.  There is a remarkable difference between the 
O(2)-C(6) bond length [1.43(1) Å], with C(6) sp3 hybridized [O(2)-C(6)-C(7) = 
107.7(5)°], and the O(3)-C(9) length of 1.367(9) Å, with C(9) being sp2 hybridized 
[C(8)-C(9)-C(10) = 123.3(7)°].  The C(8)-C(9) bond is double [1.33(1) Å].  The 
rigidity of the dimeric structure is strengthened by a comprehensive network of 
nine hydrogen bonds (Table 7.3).  The CH•••O interactions vary in the range 2.38-
2.59 Å and those of CH•••Cl in the range 2.59-2.79 Å (Figure 7.9).   
 
 
Figure 7.9. PLUTON perspective of the intermolecular hydrogen-bonding 
geometry in 3. 
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Table 7.1. Crystal data and structure refinement details for 1 and 2. 
 
 1 2 
Chemical formula 
Formula weight 
Temperature (K) 
Crystal system 
Space group 
Unit cell dimensions (Å)  a 
    b 
    c 
Volume (Å3) 
Z 
Density (calc., Mg/m3) 
Absorption coefficient (mm-1) 
F(000)  
Crystal size (mm) 
θ range for data collection (deg.) 
Index ranges 
 
 
Reflections measured 
Independent/observed reflections 
Data/restraints/parameters 
Goodness of fit on F2 
R, wR2 
Largest diff. peak/hole (eÅ-3) 
C12H11N2O2Cl2Re 
472.34 
200 
Orthorhombic 
Pbca 
11.3582(9) 
14.9274(12) 
16.1135(13) 
2732.0(4) 
8 
2.297 
9.284 
1776 
0.03x0.18x0.26 
2.5-24.0 
-12≤h≤12 
-17≤k≤17 
-18≤ℓ≤18 
14669 
2138/1312 
2138/0/92 
0.83 
0.0285, 0.0528 
1.36/-0.72 
C12H11N2O2I2Re 
655.24 
200 
Orthorhombic 
Pbca 
16.2948(14) 
16.1399(10) 
11.6319(10) 
3059.1(4) 
8 
2.845 
11.980 
2352 
0.02x0.09x0.13 
2.5-26.1 
-19≤h≤19 
-19≤h≤19 
-14≤h≤14 
19913 
2952/1929 
2952/0/172 
0.85 
0.0315, 0.0650 
1.08/-1.32 
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Table 7.1. Continued (Crystallographic data for 3). 
 
Empirical formula 
FW 
Space Group 
   a 
   b 
   c 
   β 
V, ( Å3) 
Z 
ρ(calc),  Mg/m3 
T, K 
λ, Å 
θ range (deg) 
Index ranges 
 
 
Reflections collected 
Independent reflections 
µ, mm-1  
GOF 
R1 [I>2σ(I)] 
wR2  
C53H46.50Cl4N3.50O4P2Re2 
1372.63 
P21/c 
17.0472(4) 
16.9667(3) 
24.5031(6) 
132.945(1) 
5187.8(2) 
4 
1.755 
200(2) 
Mo Kα (0.71073) 
3.7-25.3 
-21≤h≤20 
-21≤k≤21 
-22≤ℓ≤15 
25017 
9374 
4.978 
0.85 
0.0309 
0.0631 
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Table 7.2. Selected bond lengths (Å) and angles (deg) for 1 and 2. 
 
 1 2 
Re-O(1) 
Re-O(2) 
Re-X(1) 
Re-X(2) 
Re-N(1) 
Re-N(2) 
O(1)-C(6) 
C(6)-C(7) 
C(6)-C(5) 
 
O(1)-Re-O(2) 
O(2)-Re-X(1) 
O(2)-Re-X(2) 
O(2)-Re-N(1) 
O(2)-Re-N(2) 
X(1)-Re-N(1) 
X(2)-Re-N(2) 
N(1)-Re-N(2) 
X(1)-Re-X(2) 
Re-O(1)-C(6) 
C(5)-C(6)-C(7) 
C(6)-C(7)-C(8) 
O(1)-C(6)-C(7) 
C(7)-C(8)-C(9) 
C(4)-C(5)-C(6) 
Re-N(1)-C(1) 
Re-N(2)-C(12) 
1.916(5) 
1.694(5) 
2.363(2) 
2.351(2) 
2.147(7) 
2.168(6) 
1.454(9) 
1.48(1) 
1.52(1) 
 
160.1(2) 
98.7(2) 
102.9(2) 
86.9(2) 
86.8(2) 
90.5(2) 
90.2(2) 
88.5(2) 
89.88(8) 
117.1(4) 
113.2(8) 
119.3(8) 
104.9(8) 
117.8(8) 
128.2(8) 
124.6(6) 
116.3(5) 
1.923(5) 
1.681(6) 
2.685(1) 
2.700(1) 
2.162(8) 
2.178(6) 
1.43(1) 
1.45(2) 
1.53(2) 
 
160.7(3) 
101.7(2) 
98.3(2) 
88.3(3) 
87.2(3) 
169.4(2) 
174.3(2) 
86.9(3) 
90.41(2) 
119.5(5) 
112.1(8) 
119.7(9) 
105.0(8) 
117.0(9) 
124(1) 
124.7(7) 
116.9(6) 
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Table 7.2. Continued (selected bond distances (Å) and angles (deg) for 3). 
 
Re(1)-Cl(1) 
Re(1)-Cl(2) 
Re(1)-P(1) 
Re(1)-O(1) 
Re(1)-O(2) 
Re(1)-N(1) 
C(6)-O(2) 
C(8)-C(9) 
2.362(2) 
2.457(2) 
2.468(2) 
1.675(6) 
1.913(6) 
2.148(6) 
1.43(1) 
1.33(1) 
 Re(2)-Cl(4) 
Re(2)-Cl(3) 
Re(2)-P(2) 
Re(2)-O(4) 
Re(2)-O(3) 
Re(2)-N(2) 
C(9)-O(3) 
C(6)-C(8) 
2.350(2) 
2.435(2) 
2.456(3) 
1.672(5) 
1.987(5) 
2.144(5) 
1.367(9) 
1.51(1) 
O(1)-Re(1)-O(2) 
O(1)-Re(1)-Cl(1) 
O(1)-Re(1)-Cl(2) 
O(1)-Re(1)-P(1) 
O(1)-Re(1)-N(1) 
N(1)-Re(1)-O(2) 
Re(1)-N(1)-C(5) 
N(1)-C(5)-C(6) 
161.2(2) 
105.0(2) 
93.6(1) 
85.9(1) 
85.5(3) 
75.9(2) 
115.0(4) 
116.0(7) 
 O(4)-Re(2)-O(3) 
O(4)-Re(2)-Cl(4) 
O(4)-Re(2)-Cl(3) 
O(4)-Re(2)-P(2) 
O(4)-Re(2)-N(2) 
N(2)-Re(2)-O(3) 
C(6)-C(8)-C(9) 
C(8)-C(9)-O(3) 
162.2(2) 
104.3(2) 
98.5(2) 
90.4(2) 
88.9(2) 
74.4(2) 
128.7(6) 
125.6(5) 
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Table 7.3. Hydrogen-bond distances (Å) and angles (deg) [D = donor, A = 
acceptor]. 
 
D-HA d(D-H) d(HA) d(DA) <(DHA) 
C(1)-H(1) O(1) 0.95 2.39 2.85(1) 110 
C(4)-H(4)O(3) 0.95 2.38 3.10(1) 132 
C(7)-H(7B)O(3) 0.98 2.58 3.194(9) 121 
C(13)-H(13)O(1) 0.95 2.42 3.328(8) 161 
C(14)-H(14)O(4) 0.95 2.49 2.950(9) 110 
C(20)-H(20)O(1) 0.95 2.35 3.130(9) 139 
C(22)-H(22)Cl(1) 0.95 2.79 3.662(8) 153 
C(34)-H(34)O(4) 0.95 2.59 3.18(1) 120 
C(50)-H(50)Cl(4) 0.95 2.59 3.407(7) 144 
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Chapter 8 
 
Complexes of cis-Dihalogenorhenium(V) with 
Iminophenol 
 
8.1 Introduction 
 
Schiff bases are versatile ligands in coordination chemistry, and were used in this 
role for the first time in 1933 [1].  Interest in these compounds as ligands stems 
from the biological and pharmaceutical applications of their metal complexes, 
which show increased antibiotic activity [2-4] after coordination of the ligands.  For 
example, Schiff base complexes of iron(III) have exhibited widespread antiviral 
activity in biological systems [5,6]. 
 
It was reported that the substituents R2 on the imino nitrogen of bidentate Schiff 
bases play a determining role in the geometry of the complexes formed [7,8].   
 
 
Figure 8.1. Structure of the Schiff base Hmsa. 
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With large steric groups (like t-butyl), tetrahedral complexes of the type [M(nor)2] 
[M = Ni(II), Cu(II)] are formed.  However, with smaller substituents square-planar 
complexes are obtained [9-11]. 
 
Rhenium(V) complexes with potentially uninegative bidentate N,O-donor Schiff 
base ligands are well studied, and yield complexes with the formulae 
[ReOX2(nor)(PPh3)] and [ReOX(nor)2] (X = Cl, Br) [12-15].  Similar products were 
obtained with 8-hydroxyquinoline as ligand [14].  In the case of 
[ReOX2(nor)(PPh3)], some systems have been isolated as cis and trans isomers 
[12-16].  Although diiodo complexes of Re(V) containing bidentate N,O-donor 
ligands are scarce in the literature, only trans isomers have been isolated [17]. 
 
In this chapter the synthesis and crystal structures of [ReOX2(msa)(PPh3)] [X = 
Cl(1), I(2), Br(3) are reported.  They were the products of the reactions of trans-
[ReOX2(Y)(PPh3)2] (X = Y = Cl for 1; X = I; Y = OEt for 2; X = Y = Br for 3) with 2-
(1-iminoethyl)phenol (Hmsa) in acetonitrile (Figure 8.1).  In all the products 1, 2 
and 3 the two halides are coordinated in cis positions relative to each other. 
 
8.2 Experimental 
 
8.2.1 Reactants and methods 
 
Trans-[ReOCl3(PPh3)2] [18], trans-[ReOBr3(PPh3)2] [18] and trans-
[ReOI2(OEt)(PPh3)2] [19] were synthesized by literature methods.  Solvents were 
refluxed over appropriate drying agents, and distilled and degassed before use.  
All manipulations were done under nitrogen using standard Schlenk and cannula 
techniques.  Infrared spectra were obtained using KBr discs and 1H NMR spectra 
(300 MHz) were run at room temperature in d6-DMSO.  The instrumentation used 
is the same as reported earlier [20]. 
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8.2.2 Synthesis 
 
Hmsa 
 
A stream of ammonia (generated from the heating of a mixture of ammonium 
chloride and calcium hydroxide) was bubbled through a solution of 3.423 g of 2-
hydroxyacetophenone in 25 cm3 THF for 2h, with a concomitant colour change to 
dark yellow.  The solution was then heated under reflux overnight (~15h).  The 
partial removal of the solvent under vacuum, and the addition of n-heptane gave a 
yellow oil, which was taken up in ethanol and left to evaporate slowly at room 
temperature to give yellow crystals.  Yield = 2.206 g (64%); m.p. 124 °C.  Anal.  
Found (%): C, 71.12; H, 6.88; N, 10.48.  Calc.: C, 71.09; H, 6.71; N, 10.36.  IR 
(cm-1): ν(OH) 3449; ν(NH) 2839; ν(C=N) 1608. 1H NMR δ(ppm): 15.19 (br s, 1H, 
NH), 9.35 (br s, 1H, OH), 7.51 (d, 1H, H2), 7.36 (t, 1H, H4), 6.98 (d, 1H, H5), 6.82 
(t, 1H, H3), 2.51 (s, 3H, CH3). 
 
cis-[ReOX2(msa)(PPh3)]  [X = Cl(1), I(2), Br(3)] 
 
Hmsa (39 mg, 289 µmol) was added to a solution of trans-[ReOCl3(PPh3)2], (100 
mg, 120 µmol) (for 1), or trans-[ReOI2(OEt)(PPh3)2] (123 mg, 120 µmol) (for 2), or 
trans-[ReOBr3(PPh3)2] (100 mg, 103 µmol) (for 3) in 20 cm3 acetonitrile and the 
mixtures were heated under reflux for 90 min.  The colour of the reaction mixtures 
turned green, and after cooling to room temperature, the solution was filtered and 
left to evaporate slowly at room temperature.  After two days crystalline 
precipitates were collected by filtration, and it was washed with ethanol and diethyl 
ether.  Recrystallization of 1 from a 2:1 v/v mixture of dichloromethane:ethanol, 2 
from a 1:1 toluene:chloroform mixture, and 3 from a 2:1 v/v mixture of 
dichloromethane:ethanol gave green crystals suitable for X-ray crystallographic 
analysis.  Yields = 72% (1), 67% (2•0.5 toluene), 56% (3).  Anal 1: Found (%): C, 
46.79; H, 3.48; N, 2.12.  Calc. C, 46.64; H, 3.46; N, 2.09.  2•0.5 toluene: Found: C, 
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39.63; H, 3.12; N, 1.78.  Calc.: C,39.43; H,3.03; N,1.56.  3: Found: C, 41.34; H, 
3.08; N, 2.01.  Calc.: C, 41.17; H, 3.06; N, 1.85.  IR (cm-1) 1: ν(Re=O) 956vs; 
ν(C=N) 1594vs; ν(Re-N) 528s; ν(Re-O) 494m; ν(Re-Cl) 322m, 314m.  2: ν(Re=O) 
918s, ν(C=N) 1605vs, ν(Re-O) 499m.  3:  ν(Re=O) 952m; ν(C=N) 1592vs; ν(Re-N) 
522m; ν(Re-O) 486m; ν(Re-Br) 304m, 288m.  1H NMR δ(ppm) 1: 11.44 (br s, 1H, 
NH), 7.88 (d, 1H, H2), 7.56-7.67 (m, 15H, PPh3), 7.52 (t, 1H, H4), 7.22 (d, 1H, 
H5), 7.06 (t, 1H, H3), 2.82 (s, 3H, CH3).  2: 11.67 (br s, 1H, NH), 7.92 (d, 1H, H2), 
7.52-7.71 (m, 16H, PPh3, H4), 7.31 (d, 1H, H5), 7.12 (t, 1H, H3), 2.85 (s, 3H, 
CH3).  3: 11.42 (br s, 1H, NH), 7.89 (d, 1H, H5), 7.42-7.68 (m, 15H, PPh3), 7.48 (t, 
1H, H7), 7.18 (d, 1H, H8), 6.99 (t, 1H, H6), 2.68 (s, 3H, CH3). 
 
8.2.3 Crystallography 
 
Intensity data for 1, 2 and 3 were collected at 200(2) K on a Nonius Kappa CCD 
single-crystal diffractometer, using Mo K
α
 radiation.  Unit cell and space group 
determinations were carried out in the usual manner [21].  The structures were 
solved by direct methods and refined by full-matrix least-squares procedures 
using SHELXL-97 [22].  All non-hydrogen atoms were refined anisotropically, and 
the hydrogen atoms were geometrically constrained.  ORTEP views of 1, 2 and 3, 
along with their numbering schemes, are given in Figures 8.2, 8.3 and 8.4 
respectively.  A summary of the crystal data and refinement details is given in 
Table 8.1.  Selected bond distances and angles are given in Table 8.2 (for 1 and 
2).  Experimental and optimized bond lengths and angles for 3 are given in Table 
8.3. 
 
8.2.4 Computational study 
 
The SPARTAN v1.03 program [23] was used in the calculations.  The geometry 
optimization was done by the DFT method with the use of the B3LYP functional 
[24].  The calculations were performed with the 6-31G* basis set. 
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8.3 Results and Discussion 
 
8.3.1 Structures 
 
Perspective views of the asymmetric units of 1, 2 and 3 are given in Figures 8.2, 
8.3 and 8.4 respectively.  The complexes exhibit distorted octahedral geometries 
about the central rhenium(V) ion.  The basal planes are defined by the 
phosphorus atom of the PPh3 group, two halides cis to each other, and the neutral 
imino nitrogen of msa.  The oxo group and phenolate oxygen lie in trans axial 
positions.  Distortion from an ideal rhenium-centred octahedron mainly results in a 
non-linear O(2)=Re-O(1) axis of 167.02(9)° in 1 [167.7(3)° in 2; 167.25(10)° in 3], 
accomplished by Cl(1)-Re-P and Cl(2)-Re-N angles of 175.47(2)° [I(1)-Re-P = 
173.44(7)° in 2; Br(1)-Re-P = 90.68(2)° in 3] and 168.78(7)° [I(2)-Re-N = 169.7(2)° 
in 2; Br(2)-Re-N = 169.10(7)° in 3], respectively.  The metal is shifted out of the 
mean equatorial plane formed by X2PN by 0.136, 0.128 and 0.125 Å in 1, 2 and 3 
respectively towards O(2), which is the result of the non-orthogonal angles O(2)-
Re-X(1) = 97.83(7)° in 1 [97.5(2)° in 2; 100.01(8)° in 3], O(2)-Re-Cl(2) = 10.23(8)° 
[O(2)-Re-I(2) = 99.1(3)° in 2; O(2)-Re-Br(2) = 97.14(7)° in 3], O(2)-Re-P = 
86.69(7)° in 1 [88.3(2)° in 2; 87.09(7)° in 3] and O(2)-Re-N = 90.3(1)° in 1 [89.7(3)° 
in 2; 90.11(11)° in 3].  The Re=O(2) axis is inclined at 177.3°, 176.7° and 177.8° 
with respect to the equatorial plane in 1, 2 and 3 respectively.  
 
The Re=O(2) bond lengths of 1.688(2), 1.696(5) and 1.691(2) Å are within the 
range expected with a phenolate oxygen trans to the oxo group [14,25,26].  The 
Re-O(1) bond lengths of 1.942(2) [1], 1.925(5) [2] and 1.9403(19) Å [3] are shorter 
than the accepted length for a Re-O single bond [2.04 Å] [27].  The Re-X(1) bond 
length is significantly longer than the Re-X(2) one, due to the larger trans effect of 
the P compared to the imino N.  The bite angle of the msa ligand is practically 
identical in the complexes.  C-N is a double bond [1.286(4) Å in 1, 1.27(2) Å in 2; 
1.288(4) Å in 3], and the N-Cimino-C bond angle around 122° is indicative of the sp2 
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hybridization of Cimino.  In all three complexes there is a strong intramolecular 
hydrogen-bond between NH and O(2) [3.045(3) Å in 1, 2.990(9) Å in 2, 3.033(3) Å 
in 3] (see Figures 8.5 and 8.6). 
 
Figure 8.2. An ORTEP view of [ReOCl2(msa)(PPh3)] (1), showing the atom 
labelling scheme and thermal ellipsoids at the 40% probability level. 
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Figure 8.3. ORTEP drawing of the structural unit of [ReOI2(msa)(PPh3)] (2) (40% 
probability ellipsoids).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 8.4. An ORTEP view of the structure of [ReOBr2(msa)(PPh3)] (3) (40% 
probability ellipsoids).  
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Figure 8.5. PLUTON view showing the intramolecular hydrogen bonding in 
[ReOCl2(msa)(PPh3)] (1). 
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Figure 8.6. Intramolecular hydrogen bonding in [ReOBr2(msa)(PPh3)] (3) 
(PLUTON perspective view). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
8.3.2 Synthesis and spectral characterization 
 
The Schiff base ligand Hmsa was prepared by the reaction of ammonia with 2-
hydroxyacetophenone in the solvent THF.  The complexes 1, 2 and 3 were 
obtained from the reaction of trans-[ReOCl3(PPh3)2], trans-[ReOI2(OEt)(PPh3)2] 
and trans-[ReOBr3(PPh3)2] respectively with a twofold molar excess of Hmsa in 
acetonitrile.  Pure products could not be isolated from the reaction of equimolar 
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quantities.  All three complexes are diamagnetic and are non-electrolytes in DMF, 
and they are soluble in a wide variety of polar solvents. 
 
The infrared spectra of the complexes all (see Figure 8.7 for 2) display the Re=O 
stretching frequencies at 956 (for 1), 949 (for 2) and 952 cm-1 (for 3) respectively, 
which fall in the observed region of 945-968 cm-1 for neutral six-coordinate 
monooxorhenium(V) complexes having an anionic phenolate oxygen atom 
coordinated trans to the oxo group [28,29].  The Re-N and Re-O stretches appear 
around 530 and 486 cm-1 respectively.  The spectrum of 1 displays two distinct 
peaks at 314 and 322 cm-1, which are typical for ν(Re-Cl) with the two chlorides in 
cis positions to the oxo group, and in cis sites to each other.  In the 1H NMR 
spectra of the complexes the broad singlets far downfield around 11.5 ppm are 
attributed to the imino proton.  A fifteen proton multiplet in the range 7.5-7.7 ppm 
illustrates the presence of PPh3.  The four phenyl protons of msa give rise to a set 
of doublet-triplet-doublet-triplet signals in the range 7.92-7.06 ppm.  
 
Figure 8.7. IR spectrum of [ReOI2(msa)(PPh3)] (2). 
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We have previously synthesized the complex [ReOI2(ame)(PPh3)] [3], with the 
iodides in trans positions to each other, from the reaction of trans-
[ReOI2(OEt)(PPh3)2] with 2-(2-aminophenyl)ethanol (Hame) in benzene [17].  The 
ame ligand coordinates to rhenium(V) via the neutral sp3-hybridized amino 
nitrogen atom [Re-N = 2.256(6) Å] and a deprotonated alcoholate oxygen atom 
trans to the oxo group [Re-O = 1.860(5) Å].  These two bonding distances reflect 
the significant donor properties of an imino and amino nitrogen on the one hand, 
and of a phenolate and alcoholate oxygen on the other.  Therefore, from a 
comparison of the bonding parameters of complexes 1, 2 and 3, an imino nitrogen 
is a stronger Lewis base than an amino nitrogen, and an alcoholate oxygen is a 
better σ and π-donor nitrogen than a phenolate oxygen in rhenium(V). 
 
8.3.3 Optimized geometry 
 
The geometry of 3 was optimized in a singlet state by using the DFT method with 
the B3LYP functional.  The optimized geometric parameters are given in Table 
8.3.  The calculated bond lengths and angles of the cis isomer of 3 are in 
agreement with the values obtained by the X-ray crystal structure data.  The 
largest difference is found for the Re-P bond distance, which is 0.105 Å longer 
than the experimental length.  The differences in the calculated and experimental 
lengths for the Re-Br bonds are remarkably small [0.042 and 0.018 Å] when 
compared with other complexes with Re-Br bonds, where differences of up to 0.08 
Å were observed [30].  The optimized Re-N distance is 0.036 Å longer than the 
experimental value.  The computed Re=O(2) bond length [1.698 Å] is almost the 
same as the experimental value [1.691(2) Å], while the experimental Re-O(1) 
value [1.940(2) Å] is 0.033 Å shorter than the calculated one.  The largest 
differences in the bond angles are for O(1)-Re-O(2), where the experimental value 
is 3.68° greater than the calculated one, and for O(2)-Re-Br(1), where the 
experimental value is 3.52° smaller than the computed one.   
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The atomic charges were obtained from the Natural Population Analysis (NPA).  
The calculated charge on the rhenium atom [+1.443] is considerably lower than 
the formal charge of +5, which is the result of significant charge donation by the 
bromides, oxo  and  imino  nitrogen  donor  atoms.   The terminal oxo group O(2) 
[-0.563] is also less negative than the phenoxy O(1) [-0.698], indicating that O(2) 
is donating more electron density to the rhenium atom by virtue of its stronger π-
donor ability, which is also reflected in these respective bond lengths. 
 
The rhenium ion possesses a d2 configuration.  The HOMO in both isomers is of 
the dxz type with antibonding contributions from the pπ bromide orbitals.  The 
remaining four d orbitals of rhenium are found amongst the unoccupied molecular 
orbitals.  The HOMO-LUMO gap for the cis isomer equals 2.77 eV, and it is 2.86 
eV for the trans one.  Although the energy of the LUMO orbital is about the same 
in the two isomers (-2.53 eV for cis; -2.54 eV for trans), the energy of the HOMO is 
significantly different in the two isomers [-5.30 eV for cis; -5.40 eV for trans].  This 
smaller energy difference may favour the formation and stability of the cis isomer 
of 3 (Figure 8.8). 
 
Figure 8.8. Space-filling modules of (a) cis- and (b) trans-isomers of (3). 
 
 
 
 
 
 
 
 
 
  (a)      (b) 
 
Chapter 8 138 
 
 
A. Abrahams Nelson Mandela Metropolitan University 
Table 8.1. Crystal data and structure refinement data for 1 and 2. 
 
 
1 2.½C7H8 
Chemical formula 
Formula weight 
Crystal system 
Space group 
Unit cell dimensions (Å, °) 
 
 
 
 
 
Volume (Å3) 
Z 
Density (calc.) (Mg/m3) 
Absorption coefficient (mm-1) 
F(000) 
Crystal size (mm) 
θ range for data collection (°) 
Index ranges 
 
 
Reflections measured 
Independent/obs. reflections 
Data/parameters 
Goodness of fit on F2 
Final R indices [I>2σ(I)] 
Largest diff. peak & hole (e/Å3) 
C26H23NO2PCl2Re 
669.55 
Triclinic 
PĪ 
a = 10.4089(1) 
b = 11.0423(2) 
c = 12.7589(2) 
α = 83.188(1) 
β = 70.954(1) 
γ = 63.254(1) 
1237.10(4) 
2 
1.797 
5.216 
652 
0.03x0.05x0.08 
3.2-27.5 
-13≤h≤13 
-14≤k≤14  
-15≤ℓ≤16 
25607 
5647/5308 
5647/303 
1.07 
0.0210 (wR2=0.0450) 
1.05, -1.00 
C29.5H27NO2PI2Re 
898.53 
Triclinic 
PĪ 
10.0828(3) 
12.1823(3) 
13.8432(4) 
74.736(2) 
69.832(1) 
68.416(2) 
1465.96(7) 
2 
2.026 
6.332 
838 
0.04x0.098x0.13 
3.2-24.0 
-11≤h≤11 
-13≤k≤13  
-15≤ℓ≤15 
8944 
4590/3845 
4590/350 
1.06 
0.0415 (wR2=0.1122) 
3.03, -2.11 
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Table 8.1. Continued (Crystal data and structure refinement data for 3). 
 
 3 
Chemical formula 
Formula weight 
Crystal system 
Space group 
Unit cell dimensions (Å, °) 
 
 
 
 
 
Volume (Å3) 
Z 
Density (calc.) (Mg/m3) 
Absorption coefficient (mm-1) 
F(000) 
Crystal size (mm) 
θ range for data collection (°) 
Index ranges 
 
 
Reflections measured 
Independent/obs. reflections 
Data/parameters 
Goodness of fit on F2 
Final R indices [I>2σ(I)] 
Largest diff. peak & hole (e/Å3) 
C26H23NO2PBr2Re 
758.46 
Triclinic 
PĪ 
a = 10.5943(2) 
b = 11.1521(2) 
c = 12.9522(2) 
α = 83.470(1) 
β = 70.126(1) 
γ = 62.554(1) 
1275.47(4) 
2 
1.975 
7.983 
724 
0.06x0.07x0.09 
3.2-27.5 
-13≤h≤13 
-14≤k≤14 
-16≤ℓ≤16 
28177 
5849/5296 
5849/299 
1.09 
0.0221 (wR2 = 0.0464) 
0.99, -0.89 
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Table 8.2. Selected bond lengths (Å) and bond angles (°) for 1 and 2. 
 
 1  2 
Re-O(2) 
Re-O(1) 
Re-X(1) 
Re-X(2) 
Re-N 
Re-P 
C(1)-O(1) 
N-C(7) 
C(6)-C(7) 
 
O(1)-Re-O(2) 
X(1)-Re-O(2) 
X(2)-Re-O(2) 
N-Re-O(2) 
P-Re-O(2) 
X(1)-Re-X(2) 
X(1)-Re-P 
X(2)-Re-N 
O(1)-Re-N 
Re-O(1)-C(1) 
Re-N-C(7) 
N-C(7)-C(6) 
1.688(2) 
1.942(2) 
2.410(1) 
2.373(1) 
2.089(3) 
2.465(1) 
1.346(4) 
1.286(4) 
1.458(4) 
 
167.02(9) 
97.83(7) 
100.23(8) 
90.3(1) 
86.69(7) 
88.88(3) 
175.47(2) 
168.78(7) 
80.64(9) 
137.1(2) 
134.3(2) 
121.7(3) 
 1.696(5) 
1.925(5) 
2.767(1) 
1.674(1) 
2.11(1) 
2.492(2) 
1.35(1) 
1.27(2) 
1.46(1) 
 
167.7(3) 
97.5(2) 
99.1(3) 
89.7(3) 
88.3(2) 
88.77(3) 
173.44(7) 
169.7(2) 
81.0(3) 
138.5(6) 
133.6(7) 
123(1) 
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Table 8.3. Experimental and optimized bond lengths (Å) and angles (°) for 3. 
 
 Exp Calc 
Re-O(2) 1.691(2) 1.698 
Re-O(1) 1.940(2) 1.973 
Re-Br(1) 2.5178(4) 2.560 
Re-Br(2) 2.5646(3) 2.583 
Re-N 2.090(3) 2.126 
Re-P 2.471(1) 2.576 
C(4)-O(1) 1.343(4) 1.325 
N-C(2) 1.288(4) 1.297 
C(2)-C(3) 1.470(4) 1.461 
O(1)-Re-O(2) 167.3(1) 163.6 
Br(2)-Re-O(2) 97.14(7) 98.96 
Br(1)-Re-O(2) 100.01(8) 103.53 
N-Re-O(2) 90.1(1) 86.63 
P-Re-O(2) 87.09(7) 85.59 
Br(1)-Re-Br(2) 88.94(1) 90.28 
Br(2)-Re-P 175.75(2) 175.36 
Br(1)-Re-N 169.10(7) 169.41 
O(1)-Re-N 80.5(1) 79.41 
Re-O(1)-C(4) 137.6(2) 139.8 
Re-N-C(2) 135.1(2) 135.5 
N-C(2)-C(3) 120.9(3) 121.8 
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Chapter 9 
 
Coordination Behaviour of Acetylacetone-Derived Schiff 
Bases towards Rhenium(I) and (V) 
 
9.1 Introduction 
 
Schiff bases have been shown to be one of the most versatile classes of ligands 
for the study of the coordination chemistry of transition metals [1].  Their ease of 
synthesis (by the condensation of an aldehyde/ketone with an amine), 
multidenticity (from mono to hexadentate), combination of donor atoms 
(coordination usually through the imine nitrogen and other atoms like oxygen, 
sulfur or nitrogen) and stability have made them the preferred ligand systems in 
catalysis, biological modelling, the design of molecular ferromagnets, and as liquid 
crystals [2-4].  
 
Schiff base complexes of rhenium(I) and (V) have been well studied, and several 
comprehensive reports have appeared in the literature during the last 30 years [5].  
Most of the ligands were of the {(hydroxy/mercapto)phenyl}salicylideneimine type, 
and a few were synthesized from acetylacetone derivatives and amines.  
 
We have studied the reactions and product formation of the tridentate Schiff bases 
6-amino-3-methyl-1-phenyl-4-azahept-2-ene-1-one (Hamp), obtained from the 
condensation of 1-benzoylacetone and 1,2-diaminopropane, and 7-amino-4,7-
dimethyl-5-aza-3-octen-2-one (Hada), from 2,4-pentanedione and 1,2-diamino-2-
methylpropane, with trans-[ReOCl3(PPh3)2] and [Re(CO)5Br].  Herein we report the 
syntheses, characterization and X-ray crystal structures of (µ-O)[ReOCl(amp)]2 (1) 
and [Re(CO)3Br(Hada)] (2).   
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Figure 9.1. Schematic representation and tautomerization of the ligands.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
9.2 Experimental 
 
9.2.1 Materials 
 
All chemicals were of reagent grade, and solvents were purified by using standard 
techniques and drying methods [6].  [Re(CO)5Br] was purchased from Aldrich and 
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trans-[ReOCl3(PPh3)2] was prepared by a literature method [7].  1,2-
Diaminopropane, 1,2-diamino-2-methylpropane, 1-benzoylacetone and 2,4-
pentanedione were obtained commercially (Aldrich).  The ligands Hamp and Hada 
were prepared as previously reported [8].  All reactions and manipulations were 
carried out in air.  
 
9.2.2 Synthesis of the complexes 
 
(µ-O)[ReOCl(amp)]2 (1) 
 
To a suspension of 0.100 g (120 µmol) of trans-[ReOCl3(PPh3)2] in 20 cm3 of 
acetone was added 0.053 g (243 µmol) of Hamp.  After the mixture was heated 
under reflux for 4h, it was cooled to room temperature and a brown precipitate 
was removed by filtration.  Recrystallization from acetonitrile gave red crystals, 
which were suitable for X-ray diffraction study.  Yield = 71% (0.039 g), m.p. 249 
°C.  Anal.  Found: C, 33.92; H, 3.81; N, 6.15.  C26H34Cl2N4O5Re2 requires C, 
33.73; H, 3.70; N, 6.05%.  IR (cm-1): ν(Re=O) 961w, ν(Re-O-Re) 692vs, ν(NH2) 
2911m, 2963m, ν(Re-NH2) 422m, ν(Re-N(2)) 449m, ν(Re-Cl) 312m.  1H NMR 
(295K, ppm): 7.82 (m, 2H, Ph), 7.38 (m, 3H, Ph), 5.64 (s, 1H, H(4)), 1.18(d, J = 6 
Hz, 1H, H(1)), 1.39 (d, J = 6.5 Hz, 2H, H(2)), 2.03 (s, 3H, H(12)), 2.09 (s, 3H, 
H(13)). 
 
fac-[Re(CO)3Br(Hada)] (2) 
 
Hada (0.084 g, 493 µmol) was dissolved in 10 cm3 of ethanol, and added to 0.100 
g (246 µmol) of [Re(CO)5Br] in 5 cm3 of ethanol.  The resulting solution was 
heated under reflux for an hour and then cooled to room temperature.  It was 
filtered and left to evaporate slowly at room temperature.  After 4 days light yellow 
crystals, suitable for X-ray diffraction studies, were collected by filtration.  Yield = 
62% (0.079g), m.p. 217-219 °C.  Anal. Found: C, 27.83; H, 3.61; N, 5.44.  
Chapter 9 147 
 
 
A. Abrahams Nelson Mandela Metropolitan University 
C12H18BrN2O4Re requires C, 27.70; H, 3.49; N, 5.38 %.  IR (cm-1): ν(C≡O)fac 
2010s, 1902s, ν(NH2) 2937m, 2980m, ν(Re-N(1)) 435m, ν(Re-N(2)) 408m, ν(C=O) 
1622m.  1H NMR (295K, ppm): 3.34 (s, 2H, C(6)H2), 2.52 (s, 3H, C(4)H3), 1.96 (s, 
3H, C(7)H3), 1.86 (s, 2H, C(9)H2), 1.28 (s, 3H, C(11)H3), 0.76 (s, 3H, C(12)H3), 
4.08 (d, 1H, J = 11 Hz, N(2)H), 3.90 (d, 1H, J = 11 Hz, N(2)H).  
 
9.2.3 X-ray crystallography 
 
Intensity data collection was performed at 200 K on a Nonius Kappa CCD detector 
system using the ω scan technique with Mo Kα radiation.  Intensities were 
corrected for Lorentz and polarization effects.  The structures were solved by 
direct methods and were refined by full-matrix least-squares procedures using the 
SHELXL-97 package [9].  Crystal and structure refinement data for 1 and 2 are 
given in Table 9.1.  Non-hydrogen atoms were refined with anisotropic 
displacement parameters; hydrogen atoms were idealized and fixed.  Selected 
bond lengths and angles are given in Table 9.2.  
 
9.3 Results and Discussion 
 
(µ-O)[ReOCl(amp)]2 (1) 
 
The complex was synthesized by the reaction of trans-[ReOCl3(PPh3)2] with two 
molar equivalents of Hamp in refluxing acetone in air with trace amounts of water 
present.  It is an established fact that monomeric octahedral oxorhenium(V) 
complexes prefer the position trans to the oxo group to be occupied by an anionic 
oxygen donor atom like an alcoxide or phenoxide [5,10].  Tautomer c of amp 
(Figure 9.1) can provide such an oxygen donor to produce a monomeric complex 
of formula [ReOCl2(amp)], as was observed previously with NNO-donor chelates 
[11].  However, the fact that the µ-oxo dimer 1 is formed therefore precludes the 
existence of amp as the tautomer c.  Complex 1 is possibly formed via the 
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intermediate [ReOCl2(amp)], with a labile chloride trans to the oxo group, which is 
then substituted by a water molecule, the double deprotonation of which leads to 
the formation of 1.  The initial occupation of the trans site by the anionic oxygen 
atom of amp would prevent this process of formation.  Complex 1 is diamagnetic 
and a non-electrolyte in DMF, and is only soluble in acetonitrile, DMSO and DMF.  
 
The infrared spectrum of 1 (see Figure 9.2) displays the Re=O stretch as a weak 
band at 961 cm-1.  Weak intensity absorptions corresponding to ν(Re=O) have 
been observed previously for dimeric Re(V) species [12].  However, the dominant 
feature of the spectrum is the presence of a strong and intense absorption at 692 
cm-1, ascribed to the asymmetric Re-O-Re stretch [12].   
 
 
Figure 9.2. The IR spectrum of (µ-O)[ReOCl(amp)]2 (1). 
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The tridentate coordination of amp is manifested by the medium intensity peaks at 
449 [ν(Re-N(2)], 422 [ν(Re-NH2)] and 378 cm-1 [ν(Re-O)].  The 1H NMR spectrum 
consists of sharp, well-resolved peaks with no detectable paramagnetic shifts or 
line broadening of signals.  The most informative aspect of the spectrum is a one-
proton singlet at 5.64 ppm, which is assigned to a single proton on C(4) (see 
Figure 9.2 for atom labelling), implying a C(3)=C(4) double bond and the presence 
of tautomer a in complex 1.  The phenyl protons appear as two multiplets at 7.82 
and 7.38 ppm, and the signals of the two methyl groups occur at 2.03 and 2.09 
ppm.  In addition, there are a two proton signal at 1.39 ppm [C(2)H2] and a one-
proton peak at 1.18 ppm [C(1)H]. 
 
The molecular structure of 1 is illustrated in Figure 9.3.  The axis of the molecule 
is formed by the O=Re-O-Re=O moiety, with an improper rotation (rotation of 
98.93° followed by a reflection) depicting the symmetry of the two halves relative 
to each other.  The corresponding bond lengths and angles of the two 
[ReOCl(amp)] halves are identical.  The Re-O-Re angle is 179.7(3)°, and the two 
O-Re=O are equal [172.2(2)°], showing significant deviation from linearity (Table 
9.2).  Each rhenium atom is centred in an octahedron with the equatorial plane 
formed by a N2OCl donor set.  The octahedron is severely distorted, with the N(2) 
and O(1) donor atoms being displaced significantly away from the Re=O(3) bond 
[O(3)-Re-N(2) = 96.6(2)°, O(3)-Re-O(1) = 99.2(1)°], while the O(3)-Re-N(1) 
[89.7(2)°] and O(3)-Re-Cl [91.9(1)°] angles are close to orthogonality.  The result 
of these distortions is an O(3)-Re-O(2) angle of 172.2(2)°, with the Re atom 
displaced from the mean equatorial plane by 0.162 Å towards the O(3) oxo atom.  
The axial Re=O(3) and Re-O(2) distances of 1.706(3) and 1.9098(2) Å, 
respectively, are typical of this backbone.  The Re-N(1) bond length of 2.144(4) Å 
is typical of Re(V)-NH2 bonds, which vary in the range 2.12-2.20 Å [13].  The Re-
N(2) length of 2.042(4) Å falls within the range observed [1.94(1)-2.05(1) Å] for 
rhenium(V)-amide bonds [14], implying that N(2) is deprotonated.  Bond lengths of 
neutral secondary amine and imine nitrogens to rhenium(V) fall in the range 2.08-
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2.15 Å, with an average value of 2.11(1) Å [12-15].  The amp ligand therefore acts 
as a monoanionic tridentate chelate, with coordination through the neutral amino 
group N(1)H2, the deprotonated amido nitrogen N(2), and the neutral ketonic 
oxygen O(1) [Re-O(1) = 2.028(3) Å], as depicted as tautomer a in Figure 9.1. 
 
Figure 9.3. Structure of complex 1.  Thermal ellipsoids are shown at 50% 
probability, and hydrogen atoms are omitted for clarity. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The intraligand bond distances illustrate π-delocalization in the phenyl rings 
[average C-C distance = 1.384(9) Å].  The C(1)-N(1) bond is single [1.482(6) Å], 
with the bond angles around C(1) typical of sp3 hybridization.  There is 
considerable π-delocalization over the N(2)-C(3)-C(4)-C(5) backbone of amp, with 
bond lengths longer than formal double bonds, but shorter than typical C-C and C-
N single bonds.  The C(5)-O(1) bond length of 1.298(5) Å is considerably shorter 
than single C-O- bond lengths in octahedral rhenium(V) complexes with oxygen 
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coordinated cis to the oxo group [average 1.35(1) Å] [10-15], but longer than the 
uncoordinated ketonic C=O group in complex 2 [1.22(1) Å].  The bite angle formed 
by the six-membered metallocycle [O(1)-Re-N(2) = 92.9(1)°] is, as expected, 
larger than the bite angle of the five-membered one [N(1)-Re-N(2) = 81.3(2)°].  
The spatial arrangement of the phenyl rings is governed by the intramolecular 
hydrogen bond C(7)HO(1) and the intermolecular bonds C(8)HCl and 
C(10)HCl (see Figure 9.4 and Table 9.3). 
 
Figure 9.4. Governing of the spatial arrangement of the phenyl rings by hydrogen 
bonds in (µ-O)[ReOCl(amp)]2 (1) (PLUTON view). 
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fac-[Re(CO)3Br(Hada)] (2) 
 
The rhenium(I) complex 2 was prepared by the reaction of [Re(CO)5Br] with two 
equivalents of Hada in refluxing ethanol as solvent.  The infrared spectrum 
exhibits a sharp, strong band at 2010 cm-1 and a broad, intense absorption at 
1902 cm-1, attributed to ν(C-O) of the fac-[Re(CO)3]+ unit [16].  Two medium 
intensity peaks at 435 and 408 cm-1 are assigned to ν(Re-N(1)) and ν(Re-N(2)H2) 
respectively.  In the 1H NMR spectrum four three-proton singlets are observed for 
the methyl groups, and two two-proton singlets appear at 3.34 and 1.86 ppm for 
the methylene groups.  Interestingly, two one-proton doublets are observed for the 
N(2)H2 protons, which are hydrogen-bonded to O(3) and Br in the solid state (see 
Table 9.3). 
 
A perspective view of the asymmetric unit of 2 is shown in Figure 9.5.  The X-ray 
results show that the rhenium(I) complex contains the chemically robust fac-
[Re(CO)3]+ core in a distorted octahedral geometry.  The metal is coordinated to 
three carbonyl donors in a facial orientation, to the neutral amino nitrogen N(2), 
the imino nitrogen N(1), and a bromide.  The ketonic oxygen O(4) is 
uncoordinated.  The Re-CO bond distances [average of 1.911(8) Å] fall in the 
range observed [1.900(2)-1.928(2) Å] for similar complexes [17].  The Re-N(1) 
bond [2.218(5) Å] is marginally longer than the Re-N(2) one [2.194(5) Å], and they 
are typical to other similar bonds [13, 18].  The distortion from octahedral ideality 
in the complex is mainly the result of the trans angles, which fall in the range 
170.6(2)-178.7(2)° (Table 9.2). These distortions are mainly the result of the 
constraints imposed by the bidentate coordination of Hada, which has a bite angle 
of 77.0(2)°.  As a result the bromide distorts the two nitrogen atoms less [average 
Br-Re-N angle is 84.0(1)°] than the two carbonyl carbons [average Br-Re-C angle 
is 91.5(2)°]. 
 
Chapter 9 153 
 
 
A. Abrahams Nelson Mandela Metropolitan University 
The Hada intraligand bonding distances confirm its coordination to the metal as 
the tautomeric form b in Scheme 1.  The two double bonds in Hada are C(5)-O(4) 
[1.22(1) Å] and C(7)-N(1) [1.292(8) Å], with the O(4)-C(5)-C(6) and C(7)-N(1)-C(9) 
bond angles equal to 121.9(7)° and 118.2(5)° respectively.  All the other bonds are 
single, and all the carbon atoms (except C(5) and C(7)) are sp3 hybridized.  
 
In addition to those formed by the amine group, there are also the intramolecular 
hydrogen bonds C(6)H(A)Br, C(6)H(A)O(4) and C(9)HBr (see Figure 9.6 and 
Table 9.3). 
 
 
Figure 9.5. ORTEP drawing of complex 2 with numbering scheme. 
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Figure 9.6. Packing diagram for fac-[Re(CO)3Br(Hada)] (2), viewed along the c 
axis. 
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Table 9.1. Crystallographic data for complexes 1 and 2. 
 
 1 2 
Formula 
Formula weight 
Crystal system 
Space Group 
a (Å) 
b (Å) 
c (Å) 
β (°) 
Volume ( Å3) 
Z 
Dcalc (gcm-3) 
µ (mm-1) 
F(000) 
Crystal size (mm) 
θ range (°) 
Index ranges 
 
 
Reflection/unique 
Observed data [I>2σ(I)] 
Parameters 
Goodness-of-fit on F2 
Final R indices: R 
                          wR2 
Largest diff. peak/hole (e Å-3) 
C26H34Cl2N4O5Re2 
925.89 
Orthorhombic 
Pbcn 
21.2813(4) 
10.4160(2) 
13.8811(3) 
 
3077.0(1) 
4 
1.999 
8.075 
1768 
0.02 x 0.05 x 0.06 
3.5-27.5 
-27 ≤ h ≤ 27 
-11 ≤ k ≤ 13 
-17 ≤ ℓ ≤ 18 
45304/3529 
2577 
179 
1.10 
0.0297 
0.0664 
1.98/-1.29 
C12H18BrN2O4Re 
520.39 
Monoclinic 
P21/c 
10.7486(4) 
9.5778(4) 
16.1477(7) 
96.961(2) 
1650.1(1) 
4 
2.095 
9.798 
984 
0.20 x 0.13 x 0.09 
3.2-25.4 
-12 ≤ h ≤ 12 
-11 ≤ k ≤ 10 
-19 ≤ ℓ ≤ 19 
19335/3033 
2693 
185 
1.16 
0.0312 
0.0716 
0.59/-1.29 
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Table 9.2. Selected bond lengths (Å) and angles (°) for 1 and 2. 
 
1 
Re-O(1) 
Re-O(2) 
Re-O(3) 
C(1)-N(1) 
C(5)-O(1) 
C(3)-C(4) 
2.028(3) 
1.9098(2) 
1.706(3) 
1.482(6) 
1.298(5) 
1.410(6) 
 Re-N(1) 
Re-N(2) 
Re-Cl 
C(2)-N(2) 
C(3)-N(2) 
C(4)-C(5) 
2.144(4) 
2.042(4) 
2.446(1) 
1.479(6) 
1.320(7) 
1.370(6) 
O(2)-Re-O(3) 
O(1)-Re-N(1) 
O(3)-Re-Cl 
O(3)-Re-O(1) 
C(2)-N(2)-C(3) 
C(4)-C(5)-C(6) 
O(1)-Re-N(2) 
172.2(2) 
169.9(1) 
91.8(1) 
99.2(1) 
121.1(4) 
120.7(4) 
92.9(1) 
 Re-O-Re 
Cl-Re-N(2) 
O(3)-Re-N(1) 
O(3)-Re-N(2) 
C(4)-C(5)-O(1) 
N(1)-Re-N(2) 
Cl-Re-O(1) 
179.7(3) 
171.3(1) 
89.7(2) 
96.6(2) 
127.2(4) 
81.3(2) 
87.69(9) 
2 
Re-Br 
Re-N(1) 
Re-N(2) 
C(9)-N(1) 
C(5)-C(6) 
2.6386(7) 
2.218(5) 
2.194(5) 
1.475(8) 
1.50(1) 
 Re-C(1) 
C(7)-N(1) 
C(5)-O(4) 
C(1)-O(1) 
C(10)-N(2) 
1.910(6) 
1.292(8) 
1.22(1) 
1.155(8) 
1.499(8) 
C(1)-Re-N(2) 
C(3)-Re-Br 
Br-Re-N(1) 
Br-Re-C(1) 
C(7)-N(1)-C(9) 
C(5)-C(6)-C(7) 
174.1(3) 
178.7(2) 
83.9(1) 
90.3(2) 
118.2(5) 
113.4(6) 
 C(2)-Re-N(1) 
N(1)-Re-N(2) 
Br-Re-N(2) 
Br-Re-C(2) 
C(6)-C(5)-O(4) 
Re-N(2)-C(10) 
170.6(2) 
77.0(2) 
84.1(1) 
92.6(2) 
121.9(7) 
113.4(4) 
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Table 9.3. Hydrogen bonding distances (Å) and angles (°) for 1 and 2. 
 
D-HA D-H HA DA <D-HA 
1 
N(1)-H(1A)O(3) 
N(1)-H(1B)Cl 
C(7)-HO(1) 
C(8)-HCl 
0.92 
0.92 
0.95 
0.95 
0.95 
2.23 
2.51 
2.32 
2.81 
2.73 
3.144(5) 
3.388(4) 
2.659(7) 
3.665(7) 
3.497(6) 
174 
160 
100 
149 
138 
2 
N(2)-H(2A)O(3) 
N(2)-H(2B)Br 
C(6)-H(6A)Br 
C(6)-H(6B)O(4) 
0.92 
0.92 
0.99 
0.99 
0.99 
2.50 
2.58 
2.93 
2.57 
2.92 
3.243(8) 
3.491(5) 
3.859(8) 
2.97(1) 
3.474(7) 
138 
171 
157 
104 
116 
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